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Abstract 
The increase superiority in characteristics such as size, growth rate, fertility, yield and general fitness 
of hybrids produced by crossing genetically diverse inbred parents is well established in many plant 
and animal species. This phenomenon has been exploited to produce commercial cultivars in a range 
of crop species including sorghum.  
In sorghum F1 hybrid seed is produced by crossing genetically distinct restorer (R lines) and 
cytoplasmic male sterile seed parent (A lines). In the developed world commercial cultivars are almost 
exclusively F1 hybrids and are increasingly being used in the developing countries. In spite of the yield 
advantage in some circumstances, however, hybrids developed using introduced parental lines have 
not been adopted by Ethiopian farmers primarily because of the extra cost of purchasing seed has not 
been outweighed by the benefits of introduced hybrids in particular the lack of farmer preferred traits 
such as tall stature and larger grain size. The development of hybrids using locally adapted genotypes 
could have the potential to overcome the shortcomings of introduced hybrids. However, the complex 
cytoplasmic male sterility system and prevalence of restorer genes complicate the development of new 
A/B lines. In this study the pattern of genetic differentiation of locally adapted genotypes in comparison 
to introduced R and A/B lines was investigated in addition to their potential for hybrid development in 
combination with introduced seed parents. 
The genetic differentiation of 184 genotypes representing lowland, intermediate and highland sorghum 
growing environments in Ethiopia and introduced R and A/B lines was conducted using genome-wide 
SNP markers. Genetic variability was assessed using genetic distances, model based STRUCTURE 
analysis and pair-wise comparisons of groups of genotypes. The Ethiopian improved inbred genotypes 
and a subset of landraces adapted to the lowlands have shown a higher level of genetic similarity with 
the introduced R lines and were separated from the A/B lines. This result indicated that a similar pattern 
of heterotic expression could be expected from the hybrids derived from these locally adapted 
genotypes crossed with the introduced seed parent as observed between introduced R and A/B lines. 
Additionally, the hybrids derived from these locally adapted genotypes will have the benefit of 
containing farmers preferred traits. The groups most divergent from the introduced A/B lines were the 
Ethiopian landraces adapted to highland and intermediate agro-ecologies and a subset of lowland 
adapted genotypes. These genotype groups were also grouped distinctly from the introduced R lines, 
and hence provide highly divergent parental lines for hybrid development in Ethiopia.  
The performance and magnitude of heterosis of 139 F1 hybrids, derived from introduced seed parents 
crossed with selected locally adapted genotypes and introduced R lines, were evaluated in three 
contrasting environments. The lowland adapted hybrids displayed a mean better parent heterosis (BPH) 
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of 19% and a 29% increase in grain yield, on average, in comparison to the hybrids derived from the 
introduced R lines. In addition, these hybrids were also found to be superior in plant height and grain 
weight. The mean BPH for grain yield for the highland adapted hybrids was 16% in the highland and 
52 % in the intermediate, in addition to increased grain weight. The magnitude of heterosis between 
the three hybrid groups reflected the genetic distance between the genotype groups with the A/B lines. 
These results highlight the potential of locally adapted genotypes for the exploitation of heterosis in 
Ethiopia.  
In order to understand the genetic basis of increased hybrid performance, the relationship between yield 
component traits was assessed and the genetic variance for each subset of hybrid group was partitioned 
into parental lines and their interaction effects. In the lowland environment, increase in grain number 
and grain weight contributed to increased yield of the lowland adapted hybrids in comparison to the 
introduced hybrids. The increase in grain weight within each of the hybrid groups was found to be 
related to a higher rate of grain filling. Additionally, in the highland environment, the increased grain 
yield of locally adapted hybrids compared to the introduced hybrids was driven by a higher grain 
number. Additive genetic effects were prevalent for all traits measured for all hybrid groups with the 
highest proportion of non-additive genetic effects for introduced hybrids. The relationship between 
general combining ability (GCA) and inbred per se performance in grain yield and component traits 
reflected the type of genetic effects. This result suggests that selection based on inbred performance 
and GCA is promising for locally adapted genotypes, whereas the performance of hybrids derived from 
introduced inbred lines requires assessment in the field. 
In generally, the locally adapted genotypes have a potential to increase sorghum productivity in 
Ethiopia in combination with introduced seed parents in addition to addressing farmers preferred traits. 
The per se and GCA effect of the inbred parents are good indicators to select parental lines that have 
better breeding values for hybrid breeding.   
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1. Introduction 
 
 
Sorghum (Sorghum bicolor (L) Moench) is a drought and heat tolerant tropical crop that can adapt to 
low soil fertility and high temperature conditions (Tolk et al., 2013). In the arid and semi-arid tropics 
of Africa and Asia, sorghum is primarily grown as a food grain crop while in the developed world 
the majority of the grain produced is used for animal feed (Rakshit et al., 2014). Sorghum is an 
indigenous crop to Ethiopia where it is grown in a wider area of adaptation ranging from hot, dry 
lowland to the cold highland environments. Annually, sorghum contributes 17% of the total cereal 
grain production of the country and is ranked third in both total area coverage and productivity (CSA, 
2014). The grain is used for the preparation of locally preferred food products including the most 
widely consumed staple injera or leavened bread that requires specific grain quality characters. The 
stover, which has uses for animal feed, fuel and construction of fences, is often valued as highly as 
grain yield. The Ethiopian farmers traditionally preferred to grow the tall and late maturing types of 
sorghum landraces to fulfil the biomass requirements. The multiple traits demands of farmers have 
not been met by the short stature and early maturing types of improved sorghum varieties released 
for production in Ethiopia (Mekbib, 2006; Wubeneh and Sanders, 2006).   
The productivity of sorghum in Ethiopia is constrained by different biotic and abiotic factors mainly 
drought and a parasitic weed called striga (Striga spp.) in the lowland environment and head and leaf 
diseases in the highland and intermediate environments. However, the food and feed demand of the 
country is increasing due to the rapidly growing human population and change in standards of living. 
In order to address the increasing grain demand and to overcome climate change related risks there 
is an increasing demand for improved varieties which can enhance sorghum productivity while 
addressing farmers preferred and end use quality traits.   
The phenomenon of heterosis or hybrid vigor has been used for increased productivity in a number 
of crops including sorghum. Commercial F1 sorghum hybrids have been produced almost exclusively 
through the use of the A1 cytoplasmic male sterility (CMS) system first described by Stephens and 
Holland (1954). Sorghum hybrids have been grown in the developed world for more than five decades 
and are increasingly being used in the developing countries. The success and viability of hybrid 
development depends on the difference in allelic frequency between the inbred parents and the 
presence of complementary parental pools or heterotic groups (Reif et al., 2007; Schnable and 
Springer, 2013). Different approaches have been used to identify and develop genetically divergent 
parental pools that combine consistently to produce high yielding hybrids. Molecular marker-based 
genetic distance groupings have increasingly been used in a number of crops including rice (Xie et 
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al., 2014), triticale (Fischer et al., 2010) and in maize (Tracy and Chandler, 2006). In sorghum the 
most widely used grouping of inbred lines for F1 hybrid production is based on fertility restoration 
and maintainer status of the inbred parents, designated by R and A/B-line groups, respectively 
(Ahnert et al., 1996; Menz et al., 2004). These parental pools have been developed for production 
environments in temperate and subtropical zones where advanced and highly mechanized agricultural 
techniques are used (Jordan et al., 2003; Smith et al., 2010).   
The superior performance and stability of sorghum hybrids have been demonstrated in a range of 
environments, particularly under drought stress (Haussmann et al., 1998). In Ethiopia, the 
performance of hybrids derived from introduced restorer and seed parents have been evaluated and 
high yielding hybrids from the inbred parental lines, and in some cases from the local check varieties, 
have been identified (Mindaye et al., 2008; Adugna, 2007). However, these hybrids lack the adaptive 
traits for the diverse local environment, and additionally had short plant stature and lower grain size 
and hence do not meet local farmer’s needs to be taken up by the Ethiopian farmers. The development 
of heterotic pools adapted to the local environment is one solution to overcome the challenges of both 
local adaptation and farmers’ end use requirements (Xie et al., 2014; Rattunde et al., 2013). However, 
in sorghum, such a strategy is complicated by the complex cytoplasmic male sterility system and 
prevalence of nuclear-encoded restorer genes that imposes on the development of new seed parents 
(Jordan et al., 2011a). For this reason, a practical initial strategy for developing locally adapted 
hybrids for Ethiopia is to utilize existing introduced seed parents and cross them with locally adapted 
restorer parental lines that contain farmer preferred traits. A number of studies aiming to estimate the 
extent of genetic variability on Ethiopian sorghum collections have been conducted using limited 
numbers of molecular markers (eg Ayana et al., 2000; Desmae, 2007; Geleta et al., 2006). However, 
to-date a comprehensive genome-wide variability analysis with the view of establishing 
complementary heterotic parental groups for hybrid breeding in Ethiopia has not yet been undertaken.  
Genetic improvement through breeding requires enhanced understanding of the genetic basis for 
improved grain yield performance of the targeted breeding populations. Dissection of hybrid grain 
yield performance into its component traits in specific genetic backgrounds that are mainly used by 
breeding programs in the developed world have been carried out on sorghum (George Jaeggli et al., 
2011; Tolk et al., 2013; Wang et al., 1999), but this has yet to be carried out on Ethiopia germplasm. 
In addition, the relationship between traits is also influenced by environmental variations (Sadras and 
Slafer, 2012). Hence, it is vital to investigate the genetic basis and the component traits for increased 
grain yield performance for the diverse set of sorghum genotypes in Ethiopia in the contrasting 
production environments.   
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This thesis research was conducted with the aim of addressing the following three general objectives: 
1. To assess the genetic differentiation among and within groups of locally adapted genotypes 
in relation to introduced restorer and seed parents using genome-wide SNP markers, as a basis 
for suggesting potential heterotic groups. 
2. To evaluate hybrid grain yield and related traits performances and heterotic response of the 
locally adapted and non-adapted genotypes in contrasting sorghum production environments, 
and  
3. To determine the genetic basis for increased hybrid grain yield performance for the different 
sets of hybrids in the major sorghum growing environments in Ethiopia.   
The thesis is organized into six chapters. This first chapter provides an introduction for the thesis. A 
detailed literature review of the importance of sorghum, hybrid breeding and prediction of hybrid 
performance and dissection of grain yield performance into its component traits is addressed in the 
second chapter.  The third chapter focuses on the genetic differentiation within and between six groups 
of genotypes representing the introduced R and B lines and Ethiopian genotypes adapted to the three 
major agro-ecologies using genome wide SNP markers. The heterotic groupings of the locally adapted 
genotypes in relation to the introduced R and B lines were evaluated and potential parental lines for 
hybrid development in combination with the existing seed parents were identified (now published as 
Mindaye et al., 2015). The fourth chapter presents an analysis of hybrid performance and magnitude 
of high parent heterosis of hybrids developed by crossing introduced seed parents with introduced R 
lines and Ethiopian genotypes adapted to the lowland and highland environment evaluated in three 
contrasting environments. In the fifth chapter the genetic basis for improved grain yield performance 
of the hybrids derived from the locally adapted and non-adapted genotypes is analysed together with 
prediction of hybrid performance based on inbred per se and the GCA effect of the inbred parent. 
Chapter six presents a final summary and general discussion for the major findings of the thesis 
research. 
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2. Literature review 
2.1. Importance of sorghum 
2.1.1.  Global importance  
 
Sorghum [Sorghum bicolor (L.) Moench] is a C4 tropical crop which originated and was domesticated 
in Ethiopia and the surrounding Eastern quadrants of Africa where both the cultivated and wild 
relatives co-exist (Dillon et al., 2007; Smith and Frederiksen, 2000). In comparison to other cereals, 
sorghum is a drought hardy crop and able to withstand low soil fertility and high temperature 
conditions (Tolk et al., 2013). Sorghum is a staple crop for more than 500 million people in 30 sub-
Saharan Africa and Asian countries (Kumar et al., 2011), while it is primarily grown as a feed grain 
crop in the developed world. In addition, sorghum is considered as a preferred feedstock for biofuel 
production because of its high biomass production and high water use efficiency (Packer and Rooney, 
2014; Reddy et al., 2005a).  
The sorghum production area globally has shown a mixed trend, and while the overall sorghum 
production area has declined mainly in USA, China and India, there is a steady increase in production 
area in most African countries and Australia (Rakshit et al., 2014). An analysis of sorghum 
productivity over the past four decades, however, has shown a yield improvement of between 1 to 
4% per year in many countries including USA, Australia, and China (Rakshit et al., 2014). The 
increased productivity of sorghum has maintained the total production and it has remained the fifth 
most important cereal crop in total grain production in the world (Kumar et al., 2011). The sorghum 
grain produced has contributed 2.7% of the top five major cereal grain produced globally over the 
past decade (FAOSTAT, 2015). 
The improvement in sorghum productivity is the result of a combination of improved varieties and 
improved management practices. The use of hybrid cultivars as well as improved management 
practices has been instrumental in the yield increases that have been achieved in many developed and 
a few developing countries (Kumar et al., 2011; Smith and Frederiksen, 2000). To-date the total 
sorghum production area in USA and Australia is planted to hybrids and in China and India more 
than 85% of sorghum growing areas is planted with improved varieties including hybrids (Reddy et 
al., 2006; Rakshit, 2014). The adoption of hybrids has contributed to increased sorghum productivity 
in many countries, for instance in China productivity has increased by 3.9 % and in India by 2 % per 
annum (Rakshit et al., 2014). 
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The physical genome size of sorghum is 730 Mbp which is less than a quarter from the genome size 
of maize (Paterson et al., 2008). In comparison to rice, the genome size of sorghum is higher but 
contained lower gene duplications (Paterson et al., 2008) and the whole genome has been sequenced 
(Paterson et al., 2009) which makes sorghum a model crop for genomic study of tropical grasses as 
rice being used as a model for C3 temperate crops (Paterson et al., 2008; 2009). 
 
2.1.2. Importance of Sorghum in Ethiopia 
 
Ethiopia is the sixth largest sorghum producing country in the world with sorghum contributing 17% 
of the total annual cereal grain production (CSA, 2014; Kumar et al., 2011). Sorghum has a wider 
agro-ecological adaptation in Ethiopia and is cultivated in the three major agro-ecological zones in 
the country, which can be broadly classified into highlands >1900 meter above sea level (masl), 
intermediate between 1600-1900masl and lowland agro-ecologies <1600masl (Kebede and Menkir, 
1987; Tesso et al., 2011). It is the dominant crop in the dry lowlands which accounts for 66%, on 
average, of the total cultivated areas of the country (Gebeyehu et al., 2004). There are a wider ranges 
of sorghum production systems that can be differentiated in relation to the amount of rainfall received 
and targeted uses (Gerorgis, 1990; Wortmann CS, 2009). Multiple cropping systems has been 
practiced in low moisture areas to overcome the effect of drought (Gerorgis, 1990) and sole cropping 
has been reported as the dominant cropping system in the major sorghum growing area of Ethiopia 
(Wortmann CS, 2009). The very complex production systems and the very diverse growing 
environments have been the challenge for the development and dissemination of improved 
technology.     
Sorghum is ranked third in total area coverage after tef and maize and is considered as one of the 
major food security crops in Ethiopia. Currently, the national average productivity of sorghum in 
Ethiopia is 2.3 tons/ha. Since 2008 the total area covered with sorghum annually has increased by 
0.78% and productivity has increased by 6.2% (CSA, 2014). The increase in productivity has come 
despite the fact that more than 90% of the total sorghum area is cultivated by small holder farmers 
who mainly use traditional methods of cultivation which is characterized by low utilization of 
improved varieties and fertilizers. Fertilizer (both natural and commercial) has only applied to 2.4% 
of the total area cultivated with sorghum (CSA, 2014). The overall increase in productivity could 
therefore be related to the genetic potential of farmers selected varieties (Mekbib, 2006) and use of 
improved management practices including row spacing and tied ridge to conserve moisture.  
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The majority of the grain produced (74%) is used for household consumption with the remaining 
proportion being used for sale and seed purpose (CSA, 2014). Sorghum grain in Ethiopia is generally 
traded within the country, with the exception of a proportion which was exported in 2004 and 2007 
(USAID, 2010). Sorghum grain is preferred next to tef, a small cereal grain crop, for the preparation 
of the staple leavened bread (injera). Although there is variability in the grain quality depending on 
the end use product, larger seed size, while and light red types of sorghum grains are predominantly 
preferred for the preparation of injera. The grain has also use for the preparation of locally prepared 
beverages. In addition, the stover is equally valued as the grain, which can be used as animal feed, 
fuel wood and construction purposes. 
2.2. Genetic variability in sorghum 
2.2.1.    Sorghum classification  
 
The genus sorghum is closely related to sugarcane (Saccharum officinarum L.) and their evolutionary 
divergence is estimated occurring five million years ago, while maize separated 10 million years ago 
from a common ancestor (Paterson et al., 2004). Both crops shares significant amount of sequence 
homology (Paterson et al., 2009) and the occurrence of intergeneric hybrids between sorghum and 
sugarcane signify their close relationship (Bowers et al., 2003). The genus sorghum divided into five 
subgenera (Snowden, 1936). The subgenera containing cultivated sorghum, Eusorghum, is further 
divided into three species named as S. propinquum, S. halepense, and S. bicolor (de Wet, 1978). The 
species S. bicolor is consists of three subspecies: bicolor, drummondii, and verticilliflorum with the 
cultivated sorghum belonging to the subspaces bicolor. The three subspecies S. bicolor can inter-
cross and form a diverse crop-weedy complex (Venkateswaran et al., 2013).  
Cultivated sorghum has been classified into five basic races based on head morphology and grain 
characteristics, namely bicolor, durra, guinea, caudatum and kafir races. In addition ten intermediate 
races derived from the hybrids between the five basic races have been identified (Harlan and de Wet, 
1972). The bicolor race is widely distributed in Africa and Asia and not found dominant in any 
particular environment (Kimber et al., 2013). The compacted head durra types of sorghum are 
predominantly adapted to the drier parts of Northern Africa and Asia (Kimber et al., 2013, Morris et 
al., 2013, Harlan and Stemler, 1876). The guinea types of sorghum which originated from Western 
Africa have a wider adaptation in higher rainfall areas of eastern Africa (Kimber et al., 2013). The 
caudatum racial types, which domesticated lately from the race bicolor guinea (Stemler et al., 1977), 
are adapted to an environment ranging from harsh to high rainfall areas, whereas the kafir race, which 
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originated in the Sothern Africa, is adapted to the high rainfall regions of Eastern and Southern Africa 
(Kimber et al., 2013).  
Sorghum is a crop species with a wealth of genetic variability (Doggett, 1988), which may have 
originated from the sympatric coevolution and intercrossing of the cultivated and wild species in 
Africa (Mutegi et al., 2010; Tesso et al., 2008). It has also been speculated that disruptive selection 
followed by isolation and recombination in the highly variable environments and the movement of 
people carrying the crop in a multiple adaptation environment in Africa created the genetic diversity 
in sorghum (Kimber, 2001). The high level of genetic variability in sorghum could also be related to 
the rate of outcrossing in the species, which can reach up to 30% depending on the head type. 
However, the predominantly self-fertilizing nature of the crop could help to fix and maintain novel 
genetic variations in the population (Rooney, 2004). 
 
2.2.2. Sorghum genetic variability in a global context   
 
Characterization and identification of sorghum genotypes conferring important traits for genetic 
improvement is a prerequisite in plant breeding activities. Kimber et al (2013) presented details of 
the major world sorghum collections and breeding lines that total over 150,000 accessions. 
Morphological variability of sorghum has been used for the development of global core collections 
which represent the world collections for effective utilization in plant breeding (Grenier et al., 2000; 
Dahlberg et al., 2004). However, the time required for phenotyping and the impact of environmental 
effects on trait expression limits the utility of morphological traits for characterization and diversity 
analysis of germplasm collections (Newbury and Ford-Lloyd, 1997). The discovery of different types 
of DNA based molecular marker systems provided opportunities to effectively characterize and 
structure large number of genotypes without any effect of seasonality. Hybridization based RFLPs 
(Restricted Fragment Length Polymorphism) markers were the first DNA marker system identified 
that could differentiate homozygote and heterozygote loci (Botstein et al., 1980). RFLP markers have 
been used for genetic variability studies in many different crops including in sorghum (Deu et al., 
2006; Ahnert et al., 1996) and in maize (Pejic et al., 1998). The RFLP marker system is technically 
demanding, however, and found not to be suitable for high throughput and low cost screening.  
The polymerase chain reaction (PCR) technique was invented in 1983 (Bartlett and Stirling, 2003) 
and provide a revolutionary approach to increase both sample throughput and sample cost for marker 
screening. PCR based marker systems include RAPDs (Random Amplified Polymorphism) 
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(Williams et al., 1990), ISSRs (Inter Simple Sequence Repeats (Zietkiewcz et al., 1994); AFLPs 
(Amplified Fragmented Length Polymorphism) (Vos et al., 1995) and SSRs (Simple Sequence 
Repeat) (Tautz et al., 1989) all of which have been widely used in various studies in many crops 
including in sorghum (eg Agrama and Tuinstra, 2003; Perumal et al., 2007) and maize (Garcia et al., 
2004).  
Both RAPD and AFLP markers are dominant markers which are not able to differentiate homozygous 
from heterozygous loci. Additionally these marker types have been shown to have limited 
repeatability across laboratories (Collard et al., 2005) as well as being very time consuming, both of 
which has limited the utility of these markers. In contrast, the SSR markers which are distributed 
throughout the genome (Tauz, 1989) have very useful attributes including high levels of 
polymorphism, reproducibility and co-dominance (Jones et al., 1997). However, SSR markers require 
sequence information and generation of polymorphic markers can be time consuming and expensive, 
and hence their applications are restricted to specific crops (Semagn et al., 2006).  
Both the hybridized and PCR based markers have had a wide range of applications to sorghum. A 
recent genetic variability study of global reference set of sorghum genotypes using SSR markers 
revealed that landraces originating from Africa had the largest number of polymorphic alleles and the 
Eastern African genotypes had the highest variability followed by western African genotypes (Billot 
et al., 2013). A similar result has been reported using RFLP markers (Deu et al., 2006). Genetic 
variability and the genetic basis of racial classifications in sorghum have also been studied using 
different types of DNA based markers (Brown et al., 2011; Morris et al., 2013; Perumal et al., 2007; 
Ramu et al., 2013). Previous studies have been reflected the correspondence between the racial 
classifications based on morphological traits and the grouping of sorghum genotypes based molecular 
marker based genetic distance which also reflected the geographical distribution of sorghum, with the 
exception of the bicolor race (Brown et al., 2011; Deu et al., 2006; Perumal et al., 2007). The bicolor 
racial types have been found to be the most primitive and diverse in comparison to the other four 
races, while the least genetic variability was observed in the kafir race (Billot et al., 2013; Kimber et 
al., 2013). Distinct groupings of sorghum accession and inbred lines have also been reported to be 
used as a source of breeding lines using SSR markers (Agrama and Tuinstra, 2003).  
The recent advent of next generation sequencing techniques (NGS) has offered new opportunities  for 
sequencing and resequencing whole-genomes or targeted regions of genome (Edwards et al, 2013; 
Poland and Rife, 2012). Genotyping by sequencing (GBS) has been introduced as a tool to discover 
polymorphic markers while genotyping with high-throughput sequencing approaches with a low cost 
per data point (Gupta et al., 2008; Poland and Rife, 2012). The recent resequencing of multiple 
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sorghum genotypes revealed the structuring of genotypes based on racial grouping and also identified 
novel genetic variability which could be useful for genetic improvements activities (Mace et al., 
2013). In addition, genome-wide markers generated by GBS have also been used for diversity 
analysis and understanding the genetic basis of complex traits and adaptation in sorghum (Morris et 
al., 2013; Wang et al., 2013). 
 
2.2.3. Genetic variability of Ethiopian sorghum genotypes 
 
All five major races of sorghum have been identified in the Ethiopian sorghum collections, with the 
durra and bicolor racial types and their derived sub-races predominating (Cuevas and Prom, 2013; 
Doggett, 1988; Reddy et al., 2002; Teshome et al., 1997). The zerazera type of sorghum, which 
originated on the border between Ethiopia and Sudan which is the sub-type of the race caudatum, is 
known for its grain appearance or grain type and disease resistance and has been used widely in many 
plant breeding programs (Prasada Rao and Mengesha, 1987). In addition, the Ethiopian sorghum 
collections have been used as a source of genes for important agronomic traits globally, including 
stay green genes for post flowering drought tolerance (Haussmann et al., 2002; Kebede et al., 2001), 
better grain quality and increased yield potential (Prasada Rao and Mengesha, 1981) and high lysine 
and enhanced protein digestibility (Singh and Axtell, 1973) and starch digestibility (Gilding et al., 
2013).  
A number of genetic variability studies of Ethiopian sorghum genotypes adapted to the different agro-
ecologies have been conducted using qualitative and quantitative traits. Significant variation for 
qualitative traits has been reported using 34 sorghum landraces obtained from five of the main 
sorghum growing areas of the country (Abdie et al., 2002). Similar findings have been reported using 
59 Western Ethiopian sorghum landraces (Gebeyehu, 1993). Genetic variability studies for both 
qualitative and quantitative traits using genotypes representing specific and across the different 
sorghum growing regions have also been conducted (Ayana and Bekele 1998, 1999; Desmae, 2007) 
and have shown the extent of genetic variation in addition to differentiation of panicle compactness 
and shape according to geographic regions (Abdie et al., 2002; Ayana and Bekele, 1998). In contrast, 
a study by Ayana et al (2000) has reported a weak genetic differentiation based on agro-ecological 
adaptations and regions using 80 sorghum landraces genotyped based on the genetic distance 
computed using 20 RAPD markers. A large set of accessions from the Northern part of the country, 
genotyped using SSR and ISSR markers, also showed the high variability among accessions with 
limited variability among geographic origins (Desmae, 2007). Such low differentiation among the 
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regions could be due to gene flow due to exchange of seed between regions; however, the limited 
number of markers used for both studies may have also impacted on the result. A high level of marker 
polymorphism has been reported between 45 Ethiopian sorghum landraces from the Eastern highland 
agro-ecology using SSR and AFLP markers (Geleta et al., 2006).  
A recent study using SSR markers also identified the enormous genetic variability present within the 
Ethiopian sorghum collections maintained in USA, National Plant Germplasm System, in comparison 
to accessions obtained from different countries of origin (Cuevas and Prom, 2013). Such a high level 
of diversity within Ethiopian genotypes was also found in the recent whole genome resequencing 
study in sorghum which highlighted the potential for using previously untapped diversity for genetic 
gain through breeding (Mace et al., 2013). However, the genome wide variability of the Ethiopian 
landraces and breeding lines, in particular for the exploitation of heterosis through hybrid breeding, 
has yet to be fully described and exploited. 
 
2.3. Sorghum breeding  
 
2.3.1. Sorghum breeding in the world 
 
As indicated in the previous section sorghum has a wide range of genetic variability. Conservation 
and understanding of the genetic structure of the world collections and breeding lines is, therefore, 
vital to make them more accessible and useful for genetic improvement through pure line selection 
or crossing (Kimber, 2013). A large number of worldwide sorghum collections have been conserved 
in the USA and International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) in 
addition to national collections maintained by individual countries where sorghum is important 
(Kimber et al., 2013; Kumar et al., 2011). However, only very limited proportions of these collections 
have been well characterized and used by breeding programs (Kimber et al., 2013).   
The type of farming system, existing production constraints and quality of end use product are pivotal 
in designing genetic improvement activities. Defining the breeding objective and creating genetic 
variability for the trait of interest are the primary and vital steps for effective crop genetic 
improvement (Haussmann et al., 2012). This can be done by designing crossing to create 
recombination in targeted genomic regions between cultivated lines (Rooney, 2004) and between 
cultivated and wild relatives or non-adapted genotypes (Jordan et al., 2011a; Muraya et al., 2011) 
followed by selection for the desired combination of traits. Depending on the heritability of the 
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targeted traits and the intended objectives (inbred vs hybrid), different selection methods have been 
used in sorghum. The pedigree breeding is the most commonly used for pure line development 
(Rooney et al., 2004). In this method segregating generations of the cross are made between parental 
lines which undergo repeated self-pollinating and selection for the traits of interest until the lines 
maintain uniformity. The backcross method is used for the introgression of one or two genes, often 
of defensive traits for biotic resistance, in selected genetic backgrounds. Population improvement 
through recurrent selection can also be used to broaden the genetic basis and increase the frequency 
of favorable alleles in the breeding populations (Dweikat 2015).  
The discovery of cytoplasmic male sterility in sorghum (Stephen and Holland, 1954) was a pivotal 
breakthrough for commercial hybrid development in the USA. The greater performance of hybrids 
and the requirement for farmers to purchase F1 seed every season attracted private sector investment, 
with remarkable achievements being made in inbred and sorghum hybrid development over the past 
five decades in the USA, Australia and China (Jordan et al., 2003; Rakshit et al., 2014; Smith et al., 
2010). Sorghum genotypes originating in tropical environments are late in maturity, and tall in plant 
height and photoperiod sensitive and hence not readily adaptable to the temperate environments. 
Conversion of these genotypes into early maturing, short plant stature and photoperiod insensitive 
types was initiated in 1963 in the USA to make them suitable to the mechanized farming systems in 
the developed world (Stephen, 1967). The converted lines have been used as inbred parents for hybrid 
development in many developed countries (Klein et al., 2008, Smith et al., 2010) and increasingly 
their use is expanding to breeding programs in the developing world (Axtell et al., 1999). The 
conversion program was reinitiated in 2009 to exploit sorghum sequence information for rapid 
conversion of the exotic sorghum collections (Kimber et al., 2013). ICRISAT has also developed a 
number of varieties targeting the semi-arid tropics of Africa and Asia (Kumar et al., 2011). Inbred 
parental lines have been developed for hybrid breeding targeting Asia, which have also been started 
to be used by breeding programs Africa (Kumar et al., 2011, Reddy et al., 2007).  
Allelic diversity in recently released sorghum hybrids, and in particular cultivars released in the 
2000s, has been shown to have the lowest number of new alleles in comparison to previously released 
hybrids (Smith et al., 2010). Hence, there has been effort to expand the extent of genetic variability 
in improved lines using the world collections and the wild relatives as gene sources, including core 
and mini-core collections developed by ICRISAT (Upadhyaya et al., 2009, Ramu et al., 2013). In 
addition, nested association mapping populations have been developed involving a diverse set of 
world sorghum collections backcrossed to an elite lines adapted to the temperate production 
environment which provides opportunities to introgress novel and beneficial alleles from exotic lines 
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in a genetic background context that is readily adaptable to developed world farming systems (Jordan 
et al., 2015).   
Increasing the efficiency and effectiveness of genetic improvement for complex traits, primarily grain 
yield, is the major interest in plant breeding. Following the discovery of molecular markers a number 
of QTLs linked to quantitative traits in sorghum have been mapped (eg Rami et al., 1998; Mace and 
Jordan, 2011). Many QTLs linked to important agronomic traits have been identified over the past 
two decades including stay green (Crasta et al., 1999; Xu et al., 2000), striga resistance (Haussmann 
et al., 2004), fertility restoration (Klein et al., 2005; Jordan et al., 2011b) and photoperiod sensitivity 
(Chantereau et al, 2001; Crasta et al., 1999). The sequencing of the whole genome sorghum (Paterson 
et al., 2009) and resequencing multiple genotypes (Mace et al., 2013) in addition to the development 
of integrated QTL maps (Mace and Jordan, 2011) and a consensus map for major effect genes (Mace 
and Jordan, 2010) have been identified as useful resources for marker assisted breeding in sorghum 
(Gao et al., 2013). However, to-date the implementation of molecular markers in routine sorghum 
breeding activities has been found limited (Ejeta and Knoll, 2007). 
 
2.3.2. Sorghum breeding in Ethiopia 
 
The Ethiopian farmers have traditionally made selections of landrace genotypes adapted to particular 
environmental niches and management practices such as intercropping (Georgis et al., 1990) with end 
use quality traits such as larger grain size and different colors for various end uses in addition to traits 
related to increased plant biomass (Mekbib, 2006). Collection and conservation of the diverse 
sorghum landraces has been undertaken since 1970s and to date more than 10,000 sorghum 
collections are maintained in the EIB (Ethiopian Institute of Biodiversity) and the national sorghum 
improvement program (Kimber et al., 2013; Tanto and Abdi, unpublished). In addition Ethiopia is 
the major contributor for global sorghum collections at ICRISAT and in the US National Plant 
Germplasm System (Cuevas and Prom 2013; Dahlberg et al., 1997).  
Planned sorghum breeding activities in Ethiopia began in the early 1950s (Gebrekidan, 1980). Pure 
line selections from landrace collections and pedigree breeding targeting the three major agro-
ecologies has been the major focus of breeding activities for the past six decades. These activities 
have resulted in a number of sorghum open pollinated varieties being released for production 
(Gebeyehu et al., 2004), however, these varieties have had very low adoption rates to-date (Cavatassi 
et al., 2011). Different factors have been attributed to the low adoption rate. Due to the limited farmers 
participation in the varietal development (McGuire, 2008) the improved varieties lack farmer 
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preferred traits, primarily plant height and grain size, in the improved varieties found to be the major 
factor (Beyene, 2012; Mekbib, 2006; Wubeneh and Sanders, 2006). The majority (85%) of the 
improved varieties released for the lowland and intermediate environments have been developed 
using introduced lines, which are characterized by short plant stature, early maturity and lower grain 
size (Adugna, 2007, Mekbib, 2006). In contrast, all the varieties released for the highland 
environment to-date have been pure lines selected from the highland landrace collections; however, 
these released improved varieties only have limited yield advantage compared to the farmers’ selected 
varieties or landraces which is one of the factors attributed to their lower adoption rate by farmers 
(Mekbib, 2006). Although the long maturing locally adapted sorghum genotypes are photoperiod 
sensitive, because of the short day length it is not the trait under selection in the breeding program.  
The productivity of sorghum in Ethiopia has been constrained by biotic and abiotic factors, mainly 
drought and a parasitic weed called Striga (Striga spp.) in the lowland environment. The frequently 
occurring drought stress imposes serious challenges on sorghum productivity and in particular the 
late maturing sorghum landraces are suffer due to the extended dry spell in the early stages of plant 
development. The increasingly prevalent striga spp coupled with the severe moisture stress is 
complicates varietal development and sorghum production in lowland environments. However, in the 
highland and intermediate environments biotic factors primarily leaf and head diseases are commonly 
have impact on sorghum productivity. The rapidly growing human population and the recent change 
in living standards, however, has increased the demand for food and feed in the country, including 
sorghum. Consequently, there is a high demand for improved sorghum varieties that can overcome 
the production challenges and increase productivity while maintaining adaptation to the local 
environment and meet local consumer requirements and farmers’ preferred traits. The development 
of suitable hybrids using locally adapted genotypes provides new opportunities to meet these demands 
(Kumar et al., 2011).  
 
2.4.  Heterosis  
 
The word heterosis was introduced in 1914 to describe the stimulation of heterozygosity (Shull, 
1914), but a formal definition has been given three decades later (Shull, 1948). Heterosis or hybrid 
vigour can be defined as the increased rate of growth, resistance to pests, adaptation to environmental 
changes and higher fertility which gives superiority to the hybrids in grain yield performance in 
comparison to the inbred lines (Shull, 1948). Heterosis can be measured relative to the average of the 
two parental lines (Falconer and Mackay, 1996) and from the high parent which is the most valuable 
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in terms of commercial importance. Hybrid vigor has been used to develop F1 hybrids in both 
outcrossing and inbreeding crops (Fu et al., 2014).  The magnitude of heterosis varies for different 
crops depending on the mode of reproduction (Fu et al., 2014), allelic variability between the two 
parental lines (Springer and Stupar, 2007; Schnable and Springer, 2013) and the environmental 
variability (Blum, 2013). A higher level heterosis is expected in outcrossing species due to their high 
level of heterozygosity in comparison to the inbreeding crops. Additionally an increased frequency 
of recessive deleterious alleles can occur as a consequence of self-crossing in outcrossing species 
resulting inbreeding depression, which is the inverse of heterosis (Lamkey and Edwards, 1999).   
The first paper published by Shull (1908) laid the foundation for effective hybrid development in 
maize, which is monoicous and hence has the male and female flowers in different parts of the same 
plant, hence facilitating manual production of the hybrid parents (Crow, 1998). Exploitation of 
heterosis at the commercial level was started with the release of the first maize hybrid in USA in 1924 
(Crow, 1998). Initially, the productivity of maize was increased by 15% per annum in USA due to 
the releasing of maize hybrids (Duvick, 1999). The exploitation of heterosis through development of 
F1 hybrids have since been expanded to a number of crops including grain sorghum, sunflower, and 
canola (Duvick, 1999; Miller, 1999). Currently, a large portion of area coverage is devoted globally 
for hybrids for different cereal crops and vegetables. 
 
2.4.1. Genetic and molecular basis of heterosis 
 
The phenomenon of heterosis has been used to feed the growing human population. In spite of the 
several studies conducted to understand the underlying molecular and genetic causes of heterosis 
(reviewed by, Thiemann et al., 2009), no single cause has been identified to-date likely reflecting the 
multiple causes that play a role in the expression of heterosis (Schnable and Springer, 2013). Three 
different hypothesis, dominance, overdominance and epistasis, have been suggested as the genetic 
basis for hybrid vigor. The dominance hypothesis, put forward by Devenport (1908), is based on the 
result of complimenting action of superior dominant alleles of both inibred parents over the 
corresponding recessive deleterious alleles at multiple loci. The overdominanc hypothesis is 
considered to be the result of allelic interaction of one or multiple loci where the performance of the 
heterozygous state increases in comparison to the homozygous inbred parents (East, 1908). The 
epistasis hypothesis is based on the interaction between non-allelic genes at two or more loci which 
results in the superiority of the hybrid (Stuber, 1994). Pseudo-overdominance hypothesis has also 
been proposed based on the result of interactions between dominant or partially dominant effect 
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alleles that are linked in repulsion phase (Stuber et al., 1992). A number of classical quantitative 
genetic studies have been carried out to investigate the relative importance of the different 
hypothesized genetic mechanisms (Hallauer and Miranda, 1988). However, defining the relative 
importance of the different hypothesis has been found to be challenging due to low statistical power 
for partitioning the different genetic effects due to linkage and epistasis (Reif et al., 2005).  
The use of molecular markers to map QTLs linked to heterotic traits and to estimate their effects has 
been found to be a useful tool for understanding the molecular bases of heterosis (Li et al., 2008). 
Gene expression studies in maize seedling development and immature ear development have revealed 
the prevalence of additive expression patterns in hybrids (Springer and Stupar, 2007). QTLs linked 
to grain yield heterosis have been mapped in maize using bi-parental populations and have 
emphasized the importance of the dominance effect of the QTLs (Frascaroli et al., 2012). In a recent 
study on maize grain yield heterosis, Thiemann et al (2014) also identified additive heterotic 
quantitative trait loci (QTLs) in the pericentromeric regions of the genome. A recent study in sorghum 
(Ben-Israel et al., 2012) identified overdominant heterosis mechanisms using heterotic trait loci 
(HTL) mapping, also predominantly in pericentric-heterochromatic regions. The importance of the 
epistatic genetic effect (Zhou et al., 2012) in grain yield heterosis has been reported in rice while 
recently accumulations of positive dominance effect alleles have also been reported as an important 
factor in rice (Huang et al., 2015). The inconsistencies in the type of gene action of the mapped 
heterotic QTLs for the different crops across studies highlight the complex genetic architecture and 
gene action of heterosis (Schön et al., 2010). The location of the heterotic QTL also varies across 
studies, however, a large number of QTLs have been mapped in the heterochromatic regions which 
is characterized by lower rates of genetic recombination than euchromatic regions (Morris et al., 
2013; Paterson et al., 2009). Previous studies in sorghum have demonstrated that heterochromatin is 
rich in QTLs and genes linked to important agronomic traits (e.g. Mace and Jordan, 2011) and it has 
been speculated (e.g. Lariépe et al., 2012; Mace and Jordan, 2011) that genetic divergence in the 
heterochromatic regions between parental lines could result in the accumulation of favorable alleles 
in the F1 hybrids that are linked in repulsion phase, creating conditions favorable for the pseudo-
overdominance to occur (Springer and Stupar, 2007). Under such condition, it is likely that, on 
average, parental lines that are genetically diverse in such regions of low recombination will produce 
hybrids that express higher levels of hybrid vigour.   
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2.4.2. Exploitation of heterosis 
 
The success of hybrid breeding at a commercial level is determined by the magnitude of heterosis 
and availability of efficient and economically feasible seed multiplication systems. Depending on the 
mode of reproduction, different types of male sterility systems have been used for hybrid production. 
In cross-pollinated crops such as maize, the male part of the plant can be removed mechanically or 
manually from the female plant before pollen shedding (de-tasseling) (Smith et al., 2004). Chemically 
induced male sterility has been used to sterilize the pollen mainly in wheat and rice hybrid breeding, 
however, this has limited utility for large scale seed production due to its limited effectiveness and 
impact on the environment (Adugna et al., 2004; Kempe and Gills, 2010). The most commonly used 
technique for hybrid breeding in self-pollinated crops, including sorghum and rice, is male sterility 
induced by the interaction of specific cytoplasm and recessive nuclear genes (Schertz and Ritchey, 
1978; Vermani et al., 1985).     
The magnitude of heterosis is related to the difference in allelic frequency between the inbred parental 
lines (Springer and Stupar, 2007). Hence, separation of the inbred parents into different heterotic 
groups and genetic variation within and between groups are useful for the exploitation of heterosis 
(Reif et al., 2007). According to Melchinger and Gumber (1998) the term heterotic group is defined 
as the grouping of related or unrelated genotypes obtained from different or the same populations 
having similar combining ability and heterotic response when crossed with genotypes of distinct 
genetic groups. In well-established hybrid breeding programs crossing is conducted within defined 
groups for inbred line development while test cross hybrids are developed between heterotic groups 
(Cooper et al., 2014). Conventionally, genetic variances of the targeted populations, per se 
performance and adaptation of the parental lines and the ratio of general combining ability (GCA) to 
specific combining ability (SCA) have been used to identify heterotic groups (Melchinger, 1999) and 
the methods have been used in in a number of crops such as triticale (Fischer et al., 2010) and maize 
(Reif et al., 2005). Molecular markers based genetic distance have also been used to identify heterotic 
groups in a number of crops including rice (Xie et al., 2014) and triticale (Fischer et al., 2010). Well 
established heterotic groups have been developed for maize mainly for the temperate environments 
(Tracy and Chandler, 2006).  
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2.4.3. Prediction of hybrid performance  
  
The polygenic nature of many targeted traits in plant breeding programs and their interaction with the 
environment makes identification of inbred lines and high yielding hybrids with superior trait 
combinations is an arduous and resource demanding task. Thus each year breeders need to develop 
large numbers of hybrids and evaluate them across environments. Different approaches have been 
used to identify complementary parental pools and predict the hybrid performance prior to field 
testing which aim to increase the efficiency of hybrid development.  
 
2.4.3.1.  Per se performance and combining ability of inbred parents 
 
The per se performance and combining ability of inbred lines are the primary indicators to predict the 
performance of the derived hybrids (Gowda et al, 2012, Ertiro et al.,2013). The general combining 
ability (GCA) can estimate the average performance of the inbred line in hybrid combination across 
multiple crosses, while specific combining ability (SCA) provides information about the performance 
of hybrid (Kenga et al, 2004). In addition, the variance in GCA is mainly due to additive genetic 
effects and higher order additive interactions while the variance in SCA can be explained by no-
additive genetic dominance and other epistasis effects (Falconer and Mackay, 1996). This is important 
information for breeders making decisions on the breeding methods used for the genetic improvement 
of target traits (Gowda et al., 2012).  
Both per se performance and combining ability of the inbred parents have been used separately or in 
combination to predict hybrid performance for different crops including sorghum (Mahama et al., 
2014; Kenga et al., 2006); maize (Kebede et al., 2013; Makanda et al., 2010) and rice (Xie et al., 
2014). The aforementioned studies have reported positive correlations between inbred per se 
performance and their hybrid grain yield performance under both drought stress and non-stressed 
conditions in subtropical and tropical environments. The magnitude of correlation has been reported 
to be higher under drought stress conditions in comparison to non-stressed conditions (Betrȃn et al., 
2003a; Ertrio et al., 2013). However, other studies (Oyekunle and Badu-Apraku, 2014; Meseka et al., 
2006) have reported low correlations between inbred per se and hybrid performances. The use of 
grain yield component traits that have higher heritability, particularly rate of grain filling of the inbred 
lines, has been reported as a good predictor of maize hybrid performance (Prado et al., 2013).  
The prediction efficiency of inbred per se performance and the GCA effect vary depending on the 
relative importance of additive genetic variances which in turn relate to the level of genetic variation 
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of the inbred parents (Betrȃn et al., 2003a; Reif et al., 2007) and environmental variability (Gowda et 
al., 2012). A higher ratio of GCA over SCA is prevalent when there is an increasing difference in 
allelic frequency between the inbred parents which leads to a higher correspondence between inbred 
line and hybrid performance in triticale (Fischer et al., 2010) and wheat (Gowda et al., 2012). A recent 
study on extra early maturing maize highlighted the importance of additive genetic variance for grain 
yield and other agronomic traits in their hybrids in contrasting environments in West Africa (Badu-
Apraku et al., 2013). In sorghum, both additive and non-additive genetic variance has been found to 
be important for sorghum genotypes including inbred lines and landraces in the tropical environments 
(Makanda et al., 2010). It is thus pertinent to investigate the genetic effect and the prediction 
efficiency of the inbred performance and GCA effect for Ethiopian sorghum genotypes adapted to 
different agro-ecologies.  
 
2.4.3.2. Genetic distance based heterosis prediction 
  
Due to the difficulty in evaluating complete sets of test cross hybrids in multiple environments and 
managing the significant genotype by environment interaction effects, there is a need for effective 
and efficient methods to identify best performing hybrids. Theoretically hybrids developed from 
crossing genetically distinct inbred parental lines are expected to give maximum heterosis (Falconer 
and Mackay, 1996). The genetic distance between inbred lines using DNA based markers has been 
used to predict heterosis, grain yield performance, GCA and SCA of inbred parents in hybrid breeding 
(Makumbi et al., 2011; Schrag et al., 2010). Selection of inbred lines based on phenotypic values 
impeded by the significant genotype and environment interaction effect; however, molecular markers 
linked to quantitative traits should overcome this limitation. The relationship between the genetic 
distance of the parental lines, calculated using molecular markers, with grain yield, SCA, mid and 
high parent heterosis has been found to be significant in maize (Balestre et al., 2009; Parentoni et al., 
2001; Qi et al., 2010). In sorghum a positive correlation between hybrid grain yield performance and 
the genetic distance between the inbred parental lines using molecular markers has also been reported 
(Gabriel, 2005), similar results also reported in sunflower (Darvishzadeh, 2012). The prediction of 
hybrid performance has also been found insignificant with the increasing genetic distance 
The calculation of best linear unbiased predictions (BLUP) has been used to predict the performance 
of untested hybrids based on the relatedness of the hybrid parents determined by the ancestry 
coefficient using pedigree information (Bernardo, 1994) and molecular genetic distance (Schrag et 
al., 2009, 2010) as a covariate. The results obtained in both studies had limited success and even 
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modelling the SCA and GCA effects along with the genetic distance had no remarkable improvement 
in prediction accuracy (Schrag et al., 2010; Zhao et al., 2015).  
Although there is a general positive relationship between the genetic distance of the inbred parents 
and heterosis, the results obtained across studies have been inconsistent and therefore have limited 
practical value to predict hybrid performance. The inconsistency across studies could be related to 
variable and limited genome coverage across studies in addition to lack of linkage between the 
markers used and QTLs contributing to heterosis (Charcosset and Essioux, 1994; SǾrensen et al., 
2007). In sorghum genetic distance computed using markers located in five of the linkage groups 
(SBI-01, SBI-06, SBI-07, SBI-08 and SBI-10) showed a prediction efficiency of 51% in comparison 
to using the whole genome markers which was found to have  prediction efficiency 18% (Jordan et 
al., 2003). Similarly, in rice the genetic distance computed using markers linked to grain yield has 
been shown to have higher correlation with hybrid grain yield performance in comparison to 
randomly selected markers (Jaikishan et al., 2010). As indicated earlier in sorghum heterotic QTLs 
have been identified in the heterochromatic regions (Ben-Israel et al., 2012) and a number of QTLs 
linked to important agronomic traits have been mapped in this regions (Mace and Jordan, 2011) 
indicating the possibility of increased prediction efficiency using heterochromatic markers.  
 
2.5. Sorghum hybrids 
 
In sorghum hybrid vigor was recognized as early as 1922 (Conner and Karper, 1927). However, as 
sorghum is a self-pollinated crop, development of commercial hybrids was not economically viable 
until the discovery of cytoplasmic-nuclear-male-sterility (CMS) described by Stephen and Holland 
(1954). The first sorghum hybrid was released in 1956 in the USA, which had a 40% yield advantage 
from the local varieties (Duvick, 1999). Following the release of the first hybrid 95% of the sorghum 
growing areas in the USA was planted with hybrids by 1960 and production was doubled compared 
to the era of non-hybrid sorghum (Smith et al., 2011). The grain yield advantage of F1 sorghum hybrid 
from inbred parental lines has been estimated to be within the range of 30-40% depending on the 
environment and the genotypes used (Duvick, 1999; House et al., 1999). In addition hybrids have 
stable performance across environments (Haussmann et al., 2000; House et al., 1999). Hybrids have 
been found to be superior to the inbred parents in terms of increases in plant biomass and increases 
in both the rate and duration of grain filling which attributed for increased grain yield performance 
(Eastin et al., 1999). Considering the potential for increased productivity sorghum hybrids have 
increasingly being used in the developing world (Kumar et al., 2011). Previous studies have 
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demonstrated the potential of hybrids in the semi-arid tropics of Africa (Haussmann et al., 1999; 
Makanda et al., 2010, Rattunde et al., 2013). 
In sorghum male sterility induced by nuclear genes, has been identified and used for sorghum 
population improvement (Rooney and Smith, 2000). Specifically the male sterility results from the 
interaction of nuclear recessive genes and sterile cytoplasm known as cytoplasmic male sterility 
systems (CMS) has been used for hybrid development (Stephen and Holland, 1954). Different types 
of CMS have been identified which includes sterility designated as A1 to A4 CMS systems (Schertz 
and Ritchey, 1978; Stephen and Holland, 1954) in addition to other types of CMS systems (Schertz 
et al., 1997). The variation between the different CMS systems is mainly in their fertility restoration 
when crossed with restorer lines and stability of the system across environments (Schertz et al., 1997). 
The selection of the seed parent for viable hybrid seed production depends on complete fertility 
restoration, stability of fertility restoration across environments, stability of sterility expression of A 
lines across environments and superiority in agronomic performance (Reddy et al., 2005b). Complete 
fertility restoration for the A3 and A4 CMS systems has still been a challenge for hybrid development 
(Andrews et al., 1997; Moran and Rooney, 2003). The A1 and A2 CMS systems can be used for seed 
production to produce commercially acceptable F1 hybrids. In addition, studies have shown that the 
two systems had no significant difference in agronomic performances (Moran and Rooney, 2003; 
Reddy et al., 2007). However, the A1 CMS system, which was derived from backcrossing the kafir 
sorghum type that have recessive fertility restoration nuclear genes in the background of a Milo 
cytoplasm, has been exclusively used in sorghum hybrid development for more than five decades.  
 
2.5.1. Sorghum hybrid breeding in the world  
 
In sorghum single-cross hybrids are developed for commercial production. Sorghum hybrid seed 
multiplication is a three line system, which involves maintaining the cytoplasmic male sterile seed 
parent and restoring fertility to produce the F1 seed. A new cytoplasmic male-sterile female parent 
(commonly called an A-line) is created by backcrossing a maintainer line (or B-line) into a female 
parent with the maternally inherited A1 cytoplasm. After sufficient backcrossing the new A-line and 
its maintainer B-line have a near identical nuclear genome with different cytoplasm. The fertile F1 
hybrid is then produced by crossing the sterile A-line with a male fertile restorer parent (or R line) 
that carries dominant nuclear genes which restore fertility in the hybrid with the A1 cytoplasm. The 
genetics of fertility restoration is a complex system which involves at least two major genes with 
additional modifiers and is also influenced by environmental changes (Jordan et al., 2010; 2011b).  
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The parent inbred lines can be selected based on their combining ability, adaptation to wider 
environments, per se performance for quality traits and grain yield performance in addition to the 
fertility restoration when crossed with the sterile seed parent (Andrews et al., 1997). The 
complementarity of the inbred parents is essential for the exploitation of heterosis which requires 
genetically distinct parental pools. The most widely used grouping of inbred lines in sorghum is based 
on fertility restoration and maintainer status. Preliminary heterotic groupings in sorghum to date are 
based on the differentiation of caudatum and kaffir races into heterotic groups (Kimber et al., 2013). 
Studies have shown that the extent of genetic variability within the restorer and maintainer parental 
groups have been found to be narrow in comparison to the amount of diversity present within sorghum 
genotypes originating from tropical environments (Ahnert et al., 1996; Casa et al., 2008; Klein et al., 
2008; Menz et al., 2004). Such limited genetic variability within current restorer and maintainer pools 
poses a significant risk of yield reduction in the occurrence of pest or disease outbreaks which has 
been witnessed in maize due to corn leaf blight (Tatum, 1971).  
The development of new seed parents is constrained by the prevalence of restorer genes in many 
sorghum genotypes (Jordan et al., 2010). Hence, the CMS system imposes limitations on the diversity 
of the heterotic pools particularly in the B-lines (Jordan et al., 2010, 2011b). As a result the genetic 
base of B-lines has remained narrow due to the difficulty in recovering good maintainer lines from 
the B x R crosses which discourages breeders from making such a cross (Menz et al., 2004; Jordan et 
al., 2011b). This is further exacerbated because the B-lines are derived predominantly from the kafir 
race, which has more limited genetic variability compared to the other races of cultivated S. bicolor 
(eg Deu et al., 2006; Menz et al., 2004). Broadening the genetic base of the restorer and maintainer 
parental lines, therefore, needs to be considered as a strategy to overcome the likely risk of narrow 
genetic bases in breeding populations (Jordan et al., 2011a; Reif et al., 2010). 
 
2.5.2. Sorghum hybrid breeding in Ethiopia 
 
In Ethiopia hybrid development research was initiated in the mid-1970s using introduced inbred lines 
targeting the lowland agro-ecology (Gebrekidan, 1980). Since the inception of testing hybrid 
performance, genotypes have been introduced from sorghum breeding institutions world-wide, and 
predominantly from Texas A&M and Purdue Universities and ICRISAT. Despite demonstrable 
increases in grain yield performances of the hybrids derived from the introduced inbred parents in 
comparison to their parents and check varieties (Adugna, 2007; Mindaye et al., 2008, Mindaye et al., 
2010) these hybrids have not been adopted by Ethiopia farmers. The introduced hybrids have short 
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plant stature and lower grain size which are important attributes for sorghum growing farmers in 
Ethiopia (Cavatassi et al., 2011; Mekbib, 2006) in addition these hybrids lack adaptive traits for the 
diverse sorghum growing environments.  
As pointed out in the previous section 2.2.3 the Ethiopian sorghum germplasm has wider 
morphological and molecular markers based diversity (Cuevas and Prom, 2013; Tesso et al., 2011). 
However, there has been limited effort to utilize the landraces in hybrid breeding due to difference in 
plant height and flowering time with the introduced seed parents which can be managed by stagger 
planting and/or incorporation of these traits into the existing seed parent for the convenience of F1 hybrid 
seed multiplication. The development of heterotic pools adapted to a particular environment has been 
suggested as solution to overcome the challenges of both local adaptation and local farmers’ end use 
requirements (Reif et al., 2010; Xie et al., 2014; Rattunde et al., 2013). Since the development of new 
B lines is a challenging task (Jordan et al., 2011b), identification of locally adapted genotypes with 
farmers preferred traits to be used as restorer parent is an obvious primary target to develop locally 
adapted and farmers preferred hybrids in combination with the existing introduced seed parents. 
  
2.6.  Dissection of grain yield into component traits   
 
The genetic improvement of complex traits can be enhanced through an enhanced understanding of 
their dissection onto multiple component traits (Tolk et al., 2013). Selection for additively inherited 
component traits can help breeders to enhance the efficiency of breeding for improving complex 
quantitative traits, including grain yield (Betrȃn et al., 2003b). In sorghum three developmental stages 
have been identified which determine the final grain yield obtained,: these are GS1, which is the 
period from planting to panicle initiation, GS2 which is the period from panicle initiation to flowering 
and GS3, which is the period from flowering to physiological maturity (Eastin et al., 1999). Grain 
yield is the function of number of grains, which is determined by the number of grains per panicle 
and number of panicles per square meters and grain weight (Maman et al., 2004). The number of 
grains is set during GS2 while grain weight is determined during GS3 of the plant development 
(Eastin et al., 1999; van Oesterom and Hammer, 2008).  
Determination of both grain number and grain weight depends on the genetic potential of the crop 
(Eastin et al., 1999) and environmental factors such as soil moisture and temperatures (Saeed et al., 
1989). Differences in dry matter accumulation, which can be related to increased plant height and 
tiller numbers, and partitioning of dry matter at maturity into grain number and grain weight were 
found to significantly contribute to grain yield performance in maize (Borrás and Gambin, 2010; 
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Tollenaar et al., 2004), and in sorghum (Mahama et al., 2014; van Oesterom and Hammer, 2008). 
The negative relationship between grain number and grain size has indicated there is a trade-off 
between the two traits (Sadras, 2007), with grain size observed to decrease with increasing grain 
numbers. Such a trade-off requires attention to ensure that grain size, and hence grain quality, is not 
sacrificed when selecting for increased grain number (Eastin et al., 1999; Hicks et al., 2002). Both 
the duration and rate of grain filling are components traits of grain weight. In maize, increased grain 
weight has been linked to a greater rate of grain filling (Wang et al., 1999), whereas in sorghum, the 
greater rate of grain filling of genotypes with large grains was offset by lower grain number, such that 
increased grain yield of large seeded genotypes was associated with longer duration of grain filling 
(Yang et al., 2009).  
Plant height has also been found to be positively correlated to grain yield performance in maize 
(Betrȃn et al., 2003a) and in sorghum (Jordan et al., 2003). In sorghum, the increase in plant height 
is related to the high rate of accumulation of photosynthetic assimilates which facilitates grain filling 
particularly when moisture is limiting during the grain filling stage (George Jaeggli et al., 2011, 
2013). These studies, however, were conducted using specific genetic backgrounds mainly used by 
breeding programs in the developed world. In addition, previous studies have also demonstrated that 
environmental difference can affect the relationship between traits (Sadras and Slafer, 2012; Saeed, 
1989). In order to address the multiple trait requirements of Ethiopian farmers and enhance the 
efficiency of selection for complex traits, it is thus pertinent to investigate the determinants of grain 
yield performance and important agronomic traits for hybrids derived from different adapted genetic 
backgrounds in contrasting environments in Ethiopia. 
 
2.7.Conclusion of the literature review 
 
Sorghum hybrids have transformed farming systems and increased productivity in many developed 
countries and increasingly in the developing world too. However, the hybrids derived from introduced 
inbred lines in Ethiopia lacks the framers preferred traits in particular plant height and grain size, and 
additionally lacks adaptability to the diverse sorghum growing environments in the country. There 
has been limited effort in utilizing locally adapted genotypes for hybrid development in Ethiopia to-
date and information is currently lacking on the heterotic patterns of the locally adapted genotypes 
with the existing introduced R and B lines. Identification of complementary parental pools with the 
existing introduced seed parental lines can overcome the shortcomings of the introduced hybrids. 
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Understanding the genetic basis for improved grain yield performance for the diverse set of locally 
adapted genotypes would also benefit future hybrid breeding endeavours and needs to be addressed. 
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CHAPTER 3 
Genetic differentiation analysis for the identification of complementary parental pools for 
sorghum hybrid breeding in Ethiopia 
 
3.1. Abstract 
Hybrids in sorghum have demonstrated increased productivity and stability of performance in the 
developed world. In Ethiopia, the uptake of hybrid sorghum has been limited to date, primarily due 
to poor adaptation and absence of farmer’s preferred traits in existing hybrids. This study aimed to 
identify complementary parental pools to develop locally adapted hybrids, through an analysis of 
whole-genome variability of 184 locally adapted genotypes and introduced hybrid parents (R and B). 
Genetic variability was assessed using genetic distance, model based STRUCTURE analysis and pair-
wise comparison of groups. We observed a high degree of genetic similarity between the Ethiopian 
improved inbred genotypes and a subset of landraces adapted to lowland agro-ecology with the 
introduced R lines. This coupled with the genetic differentiation from existing B lines, indicated that 
these locally adapted genotype groups are expected to have similar patterns of heterotic expression 
as observed between introduced R and B line pools. Additionally, the hybrids derived from these 
locally adapted genotypes will have the benefit of containing farmers preferred traits. The groups 
most divergent from introduced B lines were the Ethiopian landraces adapted to highland and 
intermediate agro-ecologies and a subset of lowland adapted genotypes, indicating the potential for 
increased heterotic response of their hybrids. However, these groups were also differentiated from 
the R lines, and hence are different from the existing complementary heterotic pools. This suggests 
that although these groups could provide highly divergent parental pools, further research is required 
to investigate the extent of heterosis and their hybrid performance.   
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3.2.Introduction  
Sorghum (Sorghum bicolor (L.) Moench) is a drought and heat tolerant C4 tropical crop with wide 
agro-ecological adaptations. It is a major staple food for over 500 million people in semi-arid tropical 
Africa and Asia (Rao et al., 2014). In Ethiopia, sorghum has been grown in diverse agro-ecologies 
for centuries using traditional farming systems, where it is produced both for its grain, used for 
leavened bread, porridge and locally produced beverages, and biomass for animal feed, fire wood and 
construction of fences. However, the increased demand for grain due to human population growth, 
coupled with more frequently occurring droughts, has led to a requirement for technologies that 
increase productivity while maintaining adaptability to the changing environments. 
The first commercial sales of hybrid maize seed were made in the USA in 1924 (Crow, 1998) and 
subsequently cereal breeders have exploited the phenomena of heterosis in F1 hybrids to increase the 
productivity of a range of crops including grain sorghum, sunflowers and canola (Duvic, 1999; Reddy 
et al., 2006; Miller, 1999). Sorghum hybrids have demonstrated superior performance compared to 
inbred cultivars in a range of environments, particularly under drought stress (Haussmann et al., 
1998). Evaluation of hybrid sorghum in Ethiopia began in the 1970s using hybrids produced 
predominantly from introduced parental lines (Gebrekidan, 1980). Despite demonstrable increases in 
grain yield, hybrids developed using the introduced parental lines were not accepted in Ethiopia. A 
number of factors contributed to the lack of acceptance. In particular the introduced hybrid parents 
were developed to perform in high input mechanized farming systems in temperate climates and 
hence neither suitable to the farming systems practised in Ethiopia nor for the principal end uses of 
food consumption and plant biomass (Cavatassi et al., 2011; Mekbib, 2006).  
   
Commercial F1 sorghum hybrids have been produced almost exclusively through the use of the A1 
cytoplasmic male sterility (CMS) system first described by Stephens and Holland (1954). This is a 
three line system. A new male sterile female parent (commonly called an A line) is created by 
backcrossing a maintainer line (B line) into a female parent with the maternally inherited A1 
cytoplasm. After sufficient backcrossing the new A-line and its maintainer B-line have a near 
identical nuclear genome with different cytoplasm. The fertile F1 hybrid is then produced by crossing 
the sterile A-line with a male fertile restorer parent or R-line that carries dominant nuclear genes 
which restore fertility in the hybrid with the A1 cytoplasm. Fertility restoration is a multigenic trait 
with most sorghum lines being full or partial restorers (Jordan et al., 2010, 2011; Klein et al., 2005). 
The CMS system imposes constraints on the diversity of the heterotic pools particularly B lines 
(Jordan et al., 2010, 2011). As a result the genetic base of B lines has remained narrow due to the 
difficulty in recovering good maintainer lines from B x R crosses which discourages breeders from 
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making such crosses (Menz et al., 2004; Jordan et al., 2011). This is further exacerbated because the 
B lines are derived predominantly from the kaffir race, which has more limited genetic variability 
compared to the other races of cultivated S. bicolor (eg Deu et al., 2006; Menz et al., 2004). For this 
reason, a practical initial strategy for developing locally adapted hybrids for Ethiopia would be to 
utilise existing B lines and cross these with new R lines which are locally adapted genotypes with 
farmer preferred traits and increased levels of drought tolerance. 
Previous studies (Betrȃn et al., 2003; Ganapathy et al., 2012; Van Inghelandt et al., 2010) have 
demonstrated that information on genetic variability of the genotypes used in hybrid breeding can be 
used to identify distinct heterotic parental pools, and in particular have indicated that hybrids 
developed using distantly related inbred lines tend to have improved heterotic responses (Reif et al., 
2005). Studies in maize (Parentoni et al., 2001; Qi et al., 2010), sorghum (Gabriel, 2005; Jordan et 
al., 2003) and sunflower (Darvishzadeh, 2012) have all demonstrated a positive correlation between 
the genetic distance between parental lines and grain yield heterosis. In sorghum to-date, a limited 
number of studies have used molecular markers to estimate genetic variability among male sterile 
and male fertile genotypes (Ahnert et al., 1996; Menz et al., 2004; Perumal et al., 2007). However, 
the advent of next-generation sequencing technologies and whole genome based profiling provides 
new opportunities to fast-track the in-depth analysis of the genetic variability of the parental pools 
and to further study the relationship between heterosis and complex traits, including grain yield. 
Despite the wider use of the concept of heterosis for hybrid development, there is no clear 
understanding yet on the genetic base of heterosis with dominance, overdominance and epistasis 
mechanisms being suggested as possible causes for its expression (reviewed by Thiemann et al., 
2009). A recent study in sorghum (Ben-Israel et al., 2012) identified overdominant heterosis 
mechanisms using heterotic trait loci (HTL) mapping, predominantly in pericentric-heterochromatic 
regions. In a recent study on maize grain yield heterosis, Thiemann et al (2014) also identified additive 
heterotic quantitative trait loci (QTLs) in the pericentromeric regions of the genome. The 
heterochromatic region has lower rates of genetic recombination than euchromatin (Morris et al., 
2013; Paterson et al., 2009), and previous studies in sorghum have demonstrated that heterochromatin 
is rich in QTLs and genes linked to important agronomic traits (e.g. Mace and Jordan, 2011). It has 
previously been speculated (e.g. Lariépe et al., 2012; Mace and Jordan, 2011) that genetic divergence 
in the heterochromatic regions between parental lines could result in the accumulation of favorable 
alleles in the F1 hybrids that are linked in repulsion phase.   
Previous studies analyzing genetic diversity in the sorghum gene-pool have shown a high degree of 
correspondence between sorghum racial classification and marker-based grouping (Brown et al., 
2011; Ramu et al., 2013). To date, a number of studies have also been conducted on sorghum 
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germplasm from Ethiopia using limited numbers of molecular markers, e.g. with RAPD markers 
(Ayana et al., 2000), SSR and AFLP markers (Geleta et al., 2006) and SSR and ISSR markers 
(Desmae, 2007), and have shown the extent of genetic diversity within the landrace collections of the 
different agro-ecological adaptation zones. However, a comprehensive genome-wide variability 
study, focused particularly on understanding genetic variability of the inbred lines with the view of 
establishing complementary heterotic parental groups for hybrid breeding in Ethiopia, has not yet 
been undertaken.  
In this study, we use high throughput genotyping-by-sequencing approaches to generate whole 
genome profiles for Ethiopian landraces and improved inbred genotypes. We compare these profiles 
with those of introduced inbred lines in order to: 1) compare the genetic variability of Ethiopian 
sorghum landraces and improved inbred genotypes with introduced hybrid parents; and 2) identify 
complementary parental pools for future hybrid breeding in Ethiopia aimed at developing farmer 
preferred hybrids adapted to different agro-ecological zones.   
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3.3. Materials and Methods 
3.3.1. Genetic materials 
A total of 184 sorghum genotypes and inbred lines were selected based on their origin, maturity type, 
plant height and resistance to biotic and abiotic stresses (Table S3.1). These consisted of 
representative sets of 64 Ethiopian landrace genotypes of the three major agro-ecologies, highland 
(>1900 m), intermediate (1600-1900 m) and lowland (<1600 m) of the north eastern part of the 
country. The lowland adapted genotypes were grouped into two based on racial groups and G1 
represented the durra types and G2 represented the caudatum races. Additionally, 35 genotypes 
classified as improved lines from the Ethiopian national sorghum pedigree breeding program bred 
using landraces and introduced genotypes as parents for adaptation to the intermediate and lowland 
agro-ecologies of the country were included. The remaining 85 genotypes were introduced inbred 
lines from international programs for hybrid breeding in Ethiopia classified as R (restorer) and A/B 
(maintainer) lines (Table 3.1).  
  
3.3.2. Sorghum genotyping 
Total genomic DNA was extracted from two week old seedlings as described by DArT P/L (DArT, 
www.diversityarrays.com). The samples were genotyped following an integrated DArT and 
genotyping-by-sequencing (GBS) methodology involving complexity reduction of the genomic DNA 
to remove repetitive sequences using methylation sensitive restrictive enzymes prior to sequencing 
on Next Generation sequencing platforms (DArT, www.diversityarrays.com). The sequence data 
generated were then aligned to the sorghum reference genome sequence (Paterson et al. 2009) to 
identify SNP (Single Nucleotide Polymorphism) markers. 
Table 3.1. Details of the seven groups of sorghum inbred lines based on their origin, agro-
ecological adaptation and fertility restoration (B and R) 
Origin Agro-ecology Genotype number 
Introduced R lines  68 
Introduced B lines  17 
Ethiopian landraces 
Highland 21 
Intermediate 14 
Lowland (G1) 16 
Lowland (G2) 13 
Ethiopian improved inbred 
Lowland 25 
Intermediate 10 
Total   184 
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3.3.3. Genetic differentiation analysis of sorghum 
Analysis was conducted using a combination of SNP data and genotype origin and adaptation to 
allocate the sorghum genotypes into groups and assess the relative genetic distance of these groups 
with the existing hybrid parental pools (B and R lines). The Sokal and Michener dissimilarity index 
was used to generate dissimilarity matrices (Sokal and Michener, 1958), based initially on the 
complete set of SNP markers and then also based on subsets of SNPs located in the euchromatic and 
heterochromatic regions in the genome separately. Correlation between the genetic distances was 
computed using the three sub-sets of SNPs: euchromatic, heterochromatic and whole genome. 
Principal Coordinate Analysis (PCoA) and Unweighted neighbor-joining cluster analyses, using 
DARwin 5.0 statistical software (Perrier et al., 2003), were then used to identify pattern of genetic 
differentiation within and between the groups of sorghum genotypes. Comparisons were made 
between the neighbor-joining trees constructed using SNP markers subsets individually, with a 
consensus tree using the complete data set generated using the software DARwin 5.0 (Perrier et al., 
2003), Polymorphic information content (PIC) and expected heterozygosity were computed for each 
SNP marker locus. The PIC value was calculated using the formula PIC= 1-Σpi2; where pi2 referred 
to the sum of the allelic frequency of each SNP for the tested genotypes and inbred groups (Anderson 
et al. 1993). Specific heterotic groups were then identified through a combination of genotype origin 
and agro-ecological adaptation zones, in addition to the outputs from the PCoA and cluster analyses. 
Analysis of molecular variance (AMOVA) and pair-wise population diversification analysis were 
conducted using Arlequin ver 3.0 statistical software (Excoffier and Schneider, 2005).   
 
Population structure analysis was also conducted for the identified groups of sorghum genotypes 
using the Bayesian model based clustering algorithm in the software STRUCTURE ver 2.2 (Pritchard 
et al., 2000) using the SNP data excluding markers with >10 % missing data points. The admixture 
model with correlated allelic frequencies was used assuming regions of the genome in common across 
groups for each genotype (Falush et al., 2003). The model was run for the burn-in period of 1 x 104 
with Markov Chain Monte Carlo (MCMC) replicates of 1 x 104 for five iterations for each population 
size (k=1-10), and the probability values were averaged across runs for each cluster. The size of the 
population (k) was determined by the estimated logarithm of likelihood Ln P(D) for each sub 
population, where the lower variance between runs was considered as the appropriate population size 
(Casa et al., 2008), based on the second order rate of change of the likelihood (∆ K) (Evanno et al., 
2005).  
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3.4.Results  
 
3.4.1. Pattern of genetic grouping of sorghum genotypes 
 
Sequence-based genotyping of 184 sorghum genotypes identified 11,788 polymorphic genome-wide 
SNP markers.  The majority of the SNPs were located in the euchromatic region of the genome (84%) 
with the remaining SNPs located in the heterochromatic regions. The average genetic dissimilarity 
between pairs of inbred lines based on the total genome-wide SNP set was 0.27, ranging from a 
minimum of 0.01 to a maximum of 0.39. Sub-setting the SNPs based on location in the 
heterochromatic or euchromatic regions produced similar overall genetic dissimilarity values across 
genotypes, with a high correlation coefficient between the SNP subsets (r =0.89) and the whole 
genome set and the euchromatic SNPs (r=0.99) and between the whole genome set and the 
heterochromatic SNPs (r=0.92). Similarly, comparison between the neighbor-joining trees 
constructed using the euchromatic and heterochromatic SNP subsets with the consensus tree 
constructed with the whole genome SNP set showed a high degree of concordance (0.642 and 0.601).  
 
The neighbor-joining tree generated using the genome-wide SNPs grouped the genotypes into three 
major clusters (Figure 3.1) consisting of i) the Ethiopian landrace genotypes adapted to the highland 
and intermediate agro-ecologies, ii) the Ethiopian improved inbred lines adapted to lowland and 
intermediate agro-ecologies and iii) introduced R and B lines. The lowland adapted Ethiopian 
landrace genotypes separated into two different clusters. Cluster I consisted almost exclusively of the 
Ethiopian landraces, containing 46 (72%) of the landrace genotypes, consisting of the majority of the 
highland and intermediate agro-ecological zone adapted landrace genotypes (90% and 79%, 
respectively) and approximately half (55%) of the lowland agro-ecological zones adapted genotypes 
(termed the G1 subset). Cluster II contained the remaining subset of the Ethiopian landrace genotypes 
adapted to the lowland agro-ecology (termed the G2 subset), together with the Ethiopian improved 
inbred lines also adapted to the lowland agro-ecology. The majority (95%) of the introduced R lines 
were also grouped into cluster II. Finally, cluster III contained the Ethiopian improved inbred lines 
adapted to the intermediate agro-ecology, in addition to the introduced B lines.     
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Figure 3.1. Neighbor-Joining tree using the simple matching similarity coefficient based on 11788 
SNP markers for 184 sorghum genotype groups colour coded as follows, introduced R lines (blue),  
introduced B lines (orange), Ethiopian genotypes: improved lowland (pink), improved intermediate 
(black), landrace lowland G1 (red), landrace lowland G2 (yellow), landrace intermediate (light blue), 
landrace highland (green) 
 
 
A principal co-ordinate analysis explained 50% of the total variation across the first two axes, i.e. 
32% and 18% for axis one and axis two, respectively (Figure 3.2). The introduced B lines were located 
predominantly in quadrant III of the PCoA with a small proportion (23.5%) also located in quadrant 
IV. The introduced R lines were spread more widely across quadrants II and III with a small 
proportion of the introduced R lines grouping with the introduced B lines in quadrant III. The 
Ethiopian improved inbreds adapted to the intermediate agro-ecological zones grouped with the 
introduced B lines in quadrants III and IV. The most distinct grouping of genotypes from the 
introduced B and R lines was in quadrant I, which consisted predominantly of Ethiopian landraces 
adapted to both the highland and intermediate agro-ecological zones, together with the G1 subset of 
the Ethiopian landraces adapted to the lowland agro-ecology. The G2 subset of the Ethiopian landrace 
genotypes adapted to the lowland agro-ecology grouped with Ethiopian improved lines adapted to 
the lowland agro-ecology along with the introduced R lines in quadrant II. The groupings based on 
the PCoA were also in accordance with the racial classification. The two subsets (G1 and G2) of the 
Ethiopian landraces adapted to the lowland agro-ecology also corresponded to the racial 
C I 
C II 
C III 
0 0.1
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classification. The G1 subset was more divergent from existing R and B lines, grouping with the durra 
racial types of Ethiopian landraces adapted to both the highland and intermediate agro-ecological 
zones. The G2 subset, grouping with the Ethiopian improved inbreds adapted to the lowland agro-
ecology and to the introduced R lines, consisted predominantly of caudatum and mixed racial types. 
These two subsets of lowland adapted Ethiopian landraces were identified as a separate group in 
subsequent analysis due to the clear genetic and racial differentiation observed between them.           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. PCoA analysis for 184 sorghum genotype groups based on 11788 SNPs color coded as 
follows:  introduced R lines (blue),  introduced B lines (orange), Ethiopian genotypes: improved 
lowland (pink), improved intermediate (black), landrace lowland G1 (red), landrace lowland G2 
(yellow), landrace intermediate (light blue), landrace highland (green) 
 
3.4.2. Model-based genetic structure of sorghum genotypes 
Genetic structures of each genotype and differentiation between the identified groups based on 
genome composition was carried out using STRUCTURE. The logarithm likelihood value plateaued 
when k=4, with no significant change for sub-populations between 4 and 8 (data not shown). Based 
PCoA 1 (32%) 
)%) 
PCoA 2 (18%) 
%) 
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on the second order rate of change of the logarithm likelihood for each sub-population (Evanno et al. 
2005), the optimum ∆K value was obtained for population K=3 (Figure S3.2). The model-based 
grouping based on three sub-populations confirmed the clear distinction of all the three groups of 
Ethiopian landrace genotypes, highland, intermediate and the G1 subset of lowland adapted 
genotypes from all other groups of inbreds (Figure 3.3). The genome composition of the Ethiopian 
improved inbred lines adapted to the lowland agro-ecologies was similar (60%) to the introduced R 
lines. The G2 subset of lowland adapted Ethiopian landrace genotypes also had genome composition 
similarity with the lowland adapted Ethiopian improved inbreds and introduced R lines. The model-
based grouping also showed the high degree of similarity in genome composition (70%) between the 
introduced B lines and the Ethiopian improved inbred lines adapted to the intermediate agro-
ecologies.  
 
 
 
 
 
Figure 3.3. Model based estimation of population structure for (K=3) for inbred lines identified as 
follows: introduced B lines (B), introduced R lines (R), Ethiopian improved lowland (IL) and 
improved intermediate (IM), Ethiopian landrace highland (LH), intermediate (LI), and lowland 
(LLG1 and LLG2). Each group is separated by a black vertical line 
 
3.4.3. Genome-wide and within group genetic variability of sorghum genotypes 
 
The individual SNP PIC values ranged between 0.01 and 0.5 with an average value of 0.25 across the 
eight groups identified. Just over a quarter (27%) of the SNP markers had low PIC values (<0.1) with 
the improved inbred lines from Ethiopia and introduced genotypes having a greater proportion of the 
SNPs with low PIC values as compared to the landrace groups from Ethiopia (Figure 3.4). The 
expected heterozygosity for each chromosome showed similarity between the Ethiopian improved 
inbreds and introduced genotype groups in contrast to the Ethiopian landrace groups, which had 
consistently higher heterozygosity values across 8 of the 10 chromosomes (Figure 3.5). Across all 
chromosomes, the average expected heterozygosity was comparable between the euchromatic and 
heterochromatic regions for all genotypes groups (0.25 in the euchromatin, 0.24 in the 
B IL IM R LH LI LLG1 LLG2 
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heterochromatin). There were similar patterns of variability across genotype groups, with 3 
chromosomes (SBI-01, SBI-03 and SBI-08) having higher heterozygosity values in the euchromatin 
in comparison to heterochromatin (Figure S3.1).  
 
 
 
 
 
 
 
 
 
Figure 3.4. The proportion of SNPs (y axis) based on PIC values (x axis) for the Ethiopian 
improved inbreds and landrace genotype groups and introduced inbred lines   
 
 
 
 
 
 
 
 
 
 
Figure 3.5. Expected heterozygosity (EH) of sorghum genotypes based on their origin (Ethiopian 
improved inbreds, introduced genotypes and Ethiopian landrace) for each chromosome 
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The polymorphic information content (PIC) and expected heterozygosity were calculated genome-
wide for each of the eight identified genotype groups (Table 3.2). The Ethiopian landrace genotype 
groups had the highest PIC and expected heterozygosity values of all groups with the exception of 
the G1 subset of lowland adapted landrace genotypes. The lowest PIC and heterozygosity values were 
obtained within the Ethiopian improved inbreds adapted to the intermediate agro-ecology and the G1 
subset of lowland adapted landrace genotypes, which had PIC values of 0.12 and 0.13, respectively. 
Although the G1 subset of lowland adapted landraces had a high proportion of group specific SNPs, 
this group also had the highest proportion of monomorphic SNPs (56%) after the Ethiopian improved 
inbred lines adapted to the intermediate agro-ecologies (63%). The introduced R lines had the highest 
PIC (0.19) and lowest proportion of monomorphic SNPs (24%) as compared to the introduced B lines 
which had a PIC value of (0.16) and a high proportion of monomorphic SNPs (49%). The Ethiopian 
landrace group adapted to the intermediate agro-ecological zone had the highest number of group 
specific SNPs (428), followed by introduced R lines (262) (Table 3.2). The introduced R lines had 
higher levels of polymorphism compared to both Ethiopian improved inbred groups and the two 
subsets of lowland adapted landrace genotype groups. An analysis of molecular variance revealed 
that variation between inbred groups accounted for 31% of the total variation (data not shown). 
 
3.4.4. Pair-wise genetic differentiation of genotype groups 
 
Pair-wise genetic distances, as calculated by FST values between the eight groups, were found to be 
significant (p<0.001) for all pair-wise groupings except between the highland and intermediate 
adapted Ethiopian landrace genotype groups (Table 3.3). The introduced B lines had high levels of 
pair-wise genetic distances with all other groups. The pair-wise genetic distance between the 
introduced B lines and R lines (0.252) was lower than the overall mean FST values across all groups 
(0.314). Indeed 68% of the remaining pair-wise comparisons (19/28) had higher pair-wise genetic 
distance values than the introduced B lines versus R lines comparison. The highest pair-wise genetic 
distance between the Ethiopian genotype groups and introduced B lines was between the G1 subset 
of lowland adapted landrace genotypes (FST=0.496) followed by landrace genotypes adapted to the 
highland agro-ecology (FST=0.389). All the agro-ecological zone adaptation groups within the 
Ethiopian landraces were more genetically distinct from the introduced B lines in comparison to the 
B lines versus R lines pair-wise genetic distance. The only Ethiopian genotype group with a lower 
pair-wise genetic distance to the introduced B lines, in comparison to the B lines versus R lines FST 
value (0.252), was the group of Ethiopian improved inbred lines adapted to the intermediate agro-
ecological zone (FST=0.236). In addition, the most similar group to the introduced R lines was the 
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Ethiopian improved inbred lines adapted to the lowlands (FST=0.038) and the G2 subset of landrace 
genotypes adapted to the lowland agro-ecology (FST=0.061). These data also highlighted the overall 
higher genetic similarity between the Ethiopian landrace genotype groups compared to Ethiopian 
improved inbred groups. Furthermore, there was dissimilarity between genotypes adapted to different 
agro-ecological zones with the exception of the G2 subset of lowland adapted landraces from the 
other three groups of landrace genotypes. 
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Table 3.2. Polymorphic information content (PIC), total heterozygosity (H), number of unique SNPs (Unique) and percentage of monomorphic 
markers (Mono) for each group of inbred lines based on agro-ecological adaptation and fertility restoration (B and R) 
Diversity 
indices 
Introduced Ethiopian improved Ethiopian landraces Overall  
 R lines B lines Lowland Intermediate Lowland (G1) Lowland (G2) Intermediate Highland   
PIC 0.19 0.16 0.15 0.12 0.13 0.15 0.2 0.2 0.25  
H 0.19±0.2 0.17±0.21 0.16±0.18 0.14±0.2 0.14±0.2 0.17±0.2 0.22±0.2 0.21±0.2 0.25±0.2  
Unique  262 50 20 32 73 147 428 185   
Mono  24 49 46 63 56 48 35 31   
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Table 3.3. Pair-wise genetic distance based on FST value for sorghum genotypes grouped based on 
agro-ecological adaptation and fertility restoration (B and R)  
Group of  
genotypes 
Introduced  Ethiopian improved Ethiopian landrace 
B Lowland Intermediate Highland Intermediate 
Lowland 
(G1) 
Lowland 
(G2) 
Ethiopian improved        
     Lowland 0.373**       
     Intermediate 0.236** 0.478**      
Ethiopian Landrace        
    Highland 0.389** 0.380** 0.433**     
    Intermediate 0.349** 0.347** 0.395** -0.009 ns    
    Lowland (G1) 0.496** 0.491** 0.557** 0.040* 0.053**   
    Lowland (G2) 0.357** 0.043** 0.469** 0.341** 0.314** 0.481**  
Introduced R 0.252** 0.038** 0.359** 0.334** 0.300** 0.424** 0.061** 
Note: ns: not significant at (p<0.05), * significant (p<0.01); ** significant at (p<0.000) 
 
3.5. Discussion 
 
Genetic variability and complementary divergent parental pools are pre-requisites for the successful 
exploitation of heterosis through F1 hybrids. In sorghum the development of new parental pools, in 
particular female parents (B lines), is complicated by constraints imposed by the cytoplasmic male 
sterility system. We present here the first large scale genome-wide genetic variability analysis focused 
on Ethiopian genotypes and show clear differentiation between Ethiopian genotype groups and 
existing introduced hybrid parental pools used for commercial hybrid development in Ethiopia. The 
subset of Ethiopian lowland adapted landraces and improved inbreds (G2), which were predominantly 
caudatum racial types, were found to be genetically similar to the introduced R lines, indicating the 
potential for these two groups of Ethiopian genotypes to have similar patterns of heterotic responses 
to existing commercial hybrids when crossed with introduced B lines. These provide encouraging 
initial targets of complementary locally adapted genotypes to exploit heterosis in Ethiopia. In 
addition, a second potential and more divergent germplasm pool was identified, consisting of the 
Ethiopian landraces adapted to the highland and intermediate agro-ecological zones and the second 
subset of lowland adapted landraces (G1), which were predominantly durra racial types. These 
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genotypes were the most divergent from introduced B lines, indicating the potential for increased 
heterotic response based on parental divergence. However, as they represent very different 
germplasm to the existing commercial hybrid system, they present a more risky option for developing 
hybrids as they are less likely to have similar complementary alleles to the introduced R lines that 
have been selected to combine well with introduced B lines.  
 
3.5.1. Genome wide differentiation detected within and among sorghum genotype groups  
 
In general, the Ethiopian landrace genotype groups across all agro-ecological adaptation zones 
contained more genetic diversity compared to both the Ethiopian improved inbreds and introduced 
genotype groups as measured by the highest number of uniquely polymorphic SNPs (17%) and 
highest heterozygosity (0.22). These results are in line with previous studies in sorghum, which have 
also reported high genetic variation in landrace genotypes compared to improved genotypes (Mace 
et al., 2013; Menz et al., 2004).  
The cluster and model based STRUCTURE analysis revealed distinct grouping and differentiation of 
the Ethiopian landrace groups from Ethiopian improved inbred lines adapted to two of the ago-
ecological zones and from introduced R and B genotype groups. A similar result was also reported 
by Ayana et al (2000) who observed genetic differentiation between Ethiopian landraces from 
introduced genotypes using RAPD markers. The genotype grouping observed in the current study 
followed racial based classification, in line with previous reports (e.g. Deu et al., 2006; Ramu et al., 
2013). The majority of the landrace genotypes predominantly adapted to highland (90%), 
intermediate (79%) and lowland (55%) agro-ecological zones of durra racial type grouped in cluster 
I along with a small number of bicolor racial types. Of the remaining landrace genotypes, the G2 
subset of the lowland adapted landrace genotypes were grouped in cluster II with the caudatum racial 
types and mixed races of the introduced R lines and the Ethiopian improved inbreds adapted to the 
lowland agro-ecology. The predominance of the durra and caudatum racial types within the Ethiopian 
landrace genotypes included in the current study could reflect the geographic sampling. The majority 
of the landrace genotypes included in the study adapted to the highland and intermediate agro-
ecological zones, of durra racial type originated from the North Eastern part of the country where 
sorghum adaptation is influenced by drought stress. The durra and caudatum racial types are highly 
suited to the local end use requirements, which focus on grain quality for home consumption and 
marketability of the seed.  
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Both the Ethiopian improved inbred groups and introduced genotype groups shared 67% of their 
polymorphic SNPs and were located in cluster II and III of the neighbor joining tree, indicating the 
commonality of the genetic background currently used for hybrid breeding. The study also revealed 
a clear genetic differentiation in agro-ecological adaptation within the improved inbred lines from 
Ethiopia, with the lowland adapted genotypes located predominantly in cluster II, as distinct from the 
intermediate genotypes in cluster III, which grouped with the kafir racial types. There was also clear 
genetic differentiation between genotype groups that were adapted to the same agro-ecological zone. 
The improved inbred lines adapted to the intermediate agro-ecological zone were genetically distinct 
from the landraces also adapted to the intermediate agro-ecological zone, which is likely due to the 
selection pressure imposed on the improved inbred lines for increased adaptation to high rainfall and 
humid environments.   
 
3.5.2. The Ethiopian lowland adapted genotypes as a potential complementary parental pool 
for hybrid breeding for local adaptation 
 
Development of complementary cytoplasmic male sterile (CMS) seed parent (B) and fertility restorer 
(R) male parental pools is the primary step in hybrid breeding, where the latter can be more readily 
identified from the breeding and landrace populations due to the prevalence of dominant restorer 
genes.  However, owing to the complex nature of CMS and predominance of fertility restorer genes 
in the nuclear genome, B line development is both a challenging and costly process (Jordan et al., 
2010). The B line pools developed to date are adapted to mechanized farming system in temperate 
environments. However, given the dominance of plant height (Quinby and Karper, 1954) and the 
dominance or additivity of other important traits, hybrids developed between the existing B lines and 
locally adapted genotypes should produce F1 hybrids that are more acceptable to Ethiopian farmers. 
Thus, a logical initial strategy for exploiting the utility of hybrid technology in Ethiopia would be to 
use the existing B lines with locally adapted and high yielding restorer parental lines to produce 
hybrid cultivars that have better adaptation to Ethiopian environments and are better suited to local 
end uses and farmer preferences.  
With the exception of the Ethiopian improved inbred lines adapted to the intermediate agro-ecological 
zone, all of the Ethiopian genotype groups were genetically distinct from the introduced B lines 
(Figures 3.2 and 3.5). Based on STRUCTURE analysis, the Ethiopian improved inbreds adapted to 
the intermediate agro-ecological zone were unique among the local genotypes in sharing at least 70% 
of the genome composition with the introduced B lines. Additionally, these two groups (Ethiopian 
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inbreds adapted to the intermediate zone and the B lines) shared the lowest pair-wise genetic diversity 
(FST value) of all pair-wise comparison of the B line groups with the other inbred groups and had the 
highest proportion of monomorphic SNPs. These results indicate the potential for lower heterotic 
performance of any hybrids derived between these two groups. 
Although the remaining local genotype groups were all genetically differentiated from the introduced 
B lines, only two local groups showed similarity with the existing introduced R lines; Ethiopian 
improved inbred lines and the G2 subset of landrace genotypes adapted to the lowland agro-ecology. 
The similarity between the locally adapted and introduced R lines could be related to commonality 
of the genetic background, which also demonstrated the utilization of Ethiopian genotypes for genetic 
improvement globally. The high degree of genetic similarity and genome composition as revealed 
through STRUCTURE analysis has provided evidence that a similar pattern of heterotic response 
could be expected if these Ethiopian landraces and improved inbreds adapted to the lowland agro-
ecology were used in hybrid combination with introduced B lines in place of introduced R lines. The 
high precision of predicted breeding values for genotypes showing similar genetic grouping and 
linkage disequilibrium patterns has been previously reported in maize (Windhausen et al., 2012). The 
Ethiopian lowland adapted landraces (G2) and improved inbred lines are expected to have similar 
patterns of heterotic expression as observed between the existing B and R line pools, with additional 
benefits of developing locally adapted hybrids containing farmers preferred traits. This represents a 
clear initial target for local breeding programs in Ethiopia to further explore the benefits of hybrid 
technology with the existing B line pools.    
In contrast, the Ethiopian landraces adapted to the highland and intermediate agro-ecologies and the 
G1 subset of lowland adapted genotypes were not only genetically differentiated from the introduced 
B lines but were also genetically distinct from the existing introduced R lines. Previous studies have 
reported that hybrids derived from divergent parental pools are expected to have higher heterosis due 
to increased level of general combining ability (Reif et al., 2005), although some studies have 
indicated that the extent of genetic distance for expression of heterosis is not critical (Lee et al., 2007). 
Additionally, the complementary trait complexes that have been selected for over the last few decades 
in the existing hybrid parental populations may reduce the likelihood that new inter-population 
combinations would be superior, even when these populations are highly divergent. However, the 
value of adaptation traits for the different agro-ecologies in Ethiopia including drought and other 
biotic stress, coupled with high degree of genetic divergence with the existing introduced B lines, 
indicates the value in further investigating the benefit of hybrid technology using these locally 
adapted landrace genotype groups with the existing B lines. 
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3.6.  Conclusion 
Genetic analysis of the Ethiopian landraces and improved inbreds adapted to the three major agro-
ecologies revealed the presence of unique alleles and distinct groupings, identifying six Ethiopian 
groups based on origin, agro-ecological adaptation and whole genome sequence based SNP genetic 
differentiation. The Ethiopian improved inbreds and subset of landraces adapted to the lowland agro-
ecology had similar patterns of differentiation with the introduced R lines and were identified as a 
primary target to develop locally adapted, farmer preferred hybrids. The highly divergent Ethiopian 
landrace group adapted to the highland and intermediate agro-ecologies in addition to the subset of 
lowland adapted landraces were also identified as a potential second heterotic group to use with 
existing B lines, which would need further investigation to verify their suitability to develop locally 
adapted hybrids. 
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CHAPTER 4 
Heterosis in locally adapted sorghum genotypes and potential of hybrids for increased 
Productivity in contrasting environments in Ethiopia 
4.1. Abstract 
Increased productivity in sorghum has been achieved in the developed world using hybrids. Despite 
their yield advantage, introduced hybrids have not been adopted in Ethiopia because of lack of 
adaptation, short plant stature and lower grain size. This study was conducted to investigate hybrid 
performance and magnitude of heterosis in three contrasting environments in Ethiopia. A total of 139 
hybrids, derived from introduced seed parents crossed with locally adapted genotypes and introduced 
R lines, were evaluated. Overall, hybrids matured earlier than the high parents, but had higher grain 
yield, plant height, grain number and grain weight in all environments. The lowland adapted hybrids 
displayed a mean better parent heterosis (BPH) of 19%, equating to 1160 kg ha-1 and a 29% mean 
increase in grain yield, in addition to increased plant height and grain weight, in comparison to the 
hybrids derived from the introduced R lines. The mean BPH for grain yield for the highland adapted 
hybrids was 16% in the highland and 52 % in the intermediate environment equating to 698 kg ha-
1and 2031 kg ha-1, respectively, in addition to increased grain weight. The magnitude of heterosis 
observed for each of the hybrid groups was related to the genetic distance between the parental lines. 
The majority of hybrids also showed superiority over the standard check varieties. In general, hybrids 
from locally adapted genotypes were superior in grain yield, plant height and grain weight compared 
to the high parents and introduced hybrids indicating the potential for hybrids to increase productivity 
while addressing farmers’ required traits.  
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4.2. Introduction 
 
Sorghum (Sorghum bicolor L. Moench) is a C4 cereal crop domesticated in Africa, which is adapted 
to water stress, low soil fertility and high temperature conditions. Sorghum is a staple crop for more 
than 500 million people in 30 sub-Saharan Africa and Asian countries (Kumar et al., 2011), while it 
is primarily grown as feed grain in the developed world.  
In Ethiopia, which is the sixth largest sorghum producing country in the world, sorghum contributes 
17% of the total annual cereal grain production (CSA, 2014; Kumar et al., 2011). It is grown in highly 
diverse environments, which can be broadly classified into three major agro-ecologies; highland areas 
>1900m, intermediate areas between 1600-1900m and lowlands areas <1600m above sea level, 
characterized by distinct edaphic and climatic conditions (Kebede and Menkir, 1987). Sorghum 
productivity is constrained by different biotic and abiotic factors mainly drought and Striga (a 
parasitic weed) in the lowland and biotic stress in the highland and intermediate environments.  
Sorghum is predominantly grown by smallholder farmers in Ethiopia. The highest proportion (74%) 
of the grain produced is consumed at the household level, with the remainder being used for sale and 
seed purposes (CSA, 2014). The grain is used for the preparation of different local staple food 
products such as leavened bread (injera), porridge and local beverages that require specific grain 
quality characters. Grain size and colour are important traits to farmers in selecting varieties (Mekbib, 
2006). Increased grain size with corneous endosperm is preferred and larger seeded varieties fetch a 
better price, possibly due to increase milling yield and higher water absorbance (Lee et al., 2002). 
The stover, which has uses for animal feed, fuel and construction of fences, is often valued as highly 
as grain yield, hence taller varieties are highly preferred by farmers (Beyene, 2012; Mekbib, 2006). 
The improved varieties released in Ethiopian to-date have had very low adoption. Lack of farmers 
preferred traits are the major impediment to wider adoption (Beyene, 2012; Mekbib, 2006; Wubeneh 
and Sanders, 2006). The majority (85%) of the improved varieties released for use in the lowland and 
intermediate environments have been developed using lines introduced from outside of Ethiopia, 
which are characterized by short plant stature, early maturity and lower grain size (Adugna, 2007, 
Mekbib, 2006). All the varieties released for the highland environment to-date have been pure lines 
selected from the highland landrace collections; however, these released improved varieties only have 
limited yield advantage compared to the farmers’ selected varieties or landraces (Mekbib, 2006).  
The demand for improved varieties with both higher grain yield and farmer’s preferred traits, 
primarily grain size and plant height, is increasing due to the rapidly growing human population and 
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changing standard of living. Hybrid technology could have the potential to increase productivity, 
while retaining high biomass and a large grain size. In sorghum the superiority of the F1, or hybrid 
vigour, can result in approximately 30-40% increase in grain yield, depending on the environment 
and the genotypes used (Duvick, 1999; House et al., 1999). In addition to increasing yield, sorghum 
hybrid vigour has also been demonstrated to have increased yield stability over inbred lines, 
particularly in stressed environments (Haussmann et al., 2000; House et al., 1999). Sorghum hybrids 
have been grown by farmers in developed countries since the late 1950s after the discovery of a viable 
cytoplasmic male sterility system, allowing cost-effective hybrid production, and are increasingly 
being adopted in the developing world (Kumar et al., 2011).  
Efficient and successful hybrid breeding requires the development of complementary parental pools 
(Schnable and Springer, 2013). In a mature hybrid crop breeding system such as maize, this has 
involved the development of genetically divergent parental pools that combine consistently to 
produce high yielding hybrids. While such heterotic pools exist for sorghum, they have been 
developed for production environments in temperate and subtropical zones where advanced, highly 
mechanized agricultural techniques are used, such as in the USA and Australia (Jordan et al., 2003; 
Menz et al., 2004; Smith et al., 2010).    
A number of studies have investigated the utility of developing hybrids in sorghum for adoption in 
the semi-arid tropics of Africa (Haussman et al., 1999; Makanda et al., 2010) and in Ethiopia 
(Mindaye et al., 2008; Adugna, 2007), based on combinations from introduced restorer (R) and male 
sterile (A) line. These studies consistently identified hybrids that produced more grain yield than the 
parental lines and local check varieties; however, the hybrids lacked the adaptive traits for the diverse 
local environment, were short in plant stature and had lower grain size. The development of heterotic 
pools adapted to a particular environment is one solution to overcome the challenges of both local 
adaptation and local farmers’ end use requirements (Reif et al., 2010; Xie et al., 2014; Rattunde et 
al., 2013). However such a strategy is complicated by the constraint that the cytoplasmic male sterile 
system imposes on developing new sorghum female parental lines (Jordan et al., 2011). In a recent 
study in comparison to the introduced R and B lines, the genetic pattern of differentiation of the 
locally adapted Ethiopian genotypes were identified using genome wide SNP markers (Mindaye et 
al., 2015). In the current study we aimed to investigate the effectiveness of developing high yielding 
hybrids which also address adaptation issue and the multiple trait demands of farmers using selected 
locally adapted genotypes in combination with the existing introduced seed parent.   
The specific aims of the current study were to 1) assess the performance of hybrids derived from 
locally adapted genotypes and introduced R lines in combination with introduced A-lines in 
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contrasting environments in Ethiopia; 2) assess the magnitude of heterosis within and between locally 
adapted and non-adapted genotypes.   
 
4.3.Material and Methods  
4.3.1. Genetic materials  
A total of 26 sorghum inbred lines, consisting of 18 pollinator (R) and eight cytoplasmic male sterile 
(CMS) seed parental (A) lines, were used to develop 139 F1 hybrids using an unbalanced design II 
mating scheme (Table S4.1). These lines were selected from distinct groups identified from a diverse 
set of 184 Ethiopian genotypes, selected from the Ethiopian working collection representing the 
highland, intermediate and lowland agro-ecologies, and introduced inbreds, using 11788 genome-
wide SNPs generated following an integrated DArT and genotyping-by-sequencing (GBS) (Mindaye 
et al., 2015). The genotyping method involves removal of repetitive sequences of the genomic DNA 
through a complexity reduction process using methylation sensitive restriction enzymes prior to 
sequencing on the Next Generation sequencing platforms (DArT, www.diversityarrays.com). The 
selected male parents included nine local Ethiopian genotypes and nine introduced R-lines (Table 
4.1), selected based on agro-ecological adaptation and genetic distance of each groups with the seed 
parent and within group. The introduced R lines were also consisted of an early and medium maturity 
types which had a flowering date ranging between 58 and 75 days. In the absence of locally adapted 
female parental lines, the CMS lines selected included six A-lines introduced from Purdue University 
and ICRISAT and two A-lines introduced from Australia, which were bred for adaptation to low 
moisture environments. Crossing and seed multiplication of the F1 hybrids were conducted in 2012 
at the off season nursery at Melkawerer under irrigated condition. 
 
4.3.2. Description of testing environments  
The sorghum growing environment in Ethiopia can be broadly classified based on altitude, amount 
of rainfall and length of the growing period, identifying three major agro-ecological groups; highland 
(>1900masl), intermediate (1600-1900masl) and lowland (<1600masl) (Kebede and Menkir, 1987; 
Tesso et al., 2011). Trials were grown in three research stations representing the three agro-ecologies 
in use by the national sorghum improvement program in Ethiopia (Figure S1). Arsi Negele 
(1960masl, 7˚20'N latitude) represented the highland, with a mean annual rainfall (RF) of 870 mm, 
minimum temperature (Tmin) of 12˚C and Tmax 25˚C, growing period of 180-200 days, and with a 
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vertisol soil type. The intermediate environment was represented by Bako (1565masl, 9˚08'N 
latitude), with a mean annual rainfall of 1178 mm, Tmin of 14˚C and Tmax of 28˚C, growing period 
of 150-180 days, and with a netosol soil type. The lowland environment was represented by Mieso 
(1470 masl, 9˚14'N), with 713mm mean annual rainfall, Tmin of 14˚C and  Tmax of34˚C, growing 
period of 110-120 days and with a vertisol soil type.  
Table 4.1. List of locally adapted and introduced sorghum genotypes selected for hybrid 
development, with details of local adaptation, plant height and genotype source provided 
Genotype name Genotype group 
Plant height 
group 
Race 
Source 
2005 MI 5065 Lowland adapted 200 - 250 Caudatum Local improved 
Misikir Lowland adapted 150 - 200 Caudatum Local improved 
Ajab sedi Lowland adapted 200 - 250 Caudatum Local landrace 
Gambella 1107 Lowland adapted 150 - 200 Caudatum Local landrace 
PGRC/E 69475 Lowland adapted 200 - 250 Caudatum Local landrace 
PGRC/E 69241 Highland adapted 200 - 250 Durra Local landrace 
Wello Coll # 050 Highland adapted >250 Durra Local landrace 
Zengada 2 Highland adapted >250 Bicolor Local landrace 
2002 BK 7020 Intermediate adapted 150 - 200 Kafir Local improved 
ICSR 24004 Introduced R (early) 100 - 150 Not available ICRISAT 
IESV 92031 DL Introduced R (early) 150 - 200 Not available ICRISAT 
P 89009 Introduced R (early) 100 - 150 Not available Purdue University 
PDL 984953 Introduced R (early) 100 - 150 Not available Purdue University 
PRL 984084 Introduced R (early) 100 - 150 Not available Purdue University 
PI 308453 Introduced R (medium) 150 - 200 Not available ICRISAT 
104 GRD Introduced R (medium) 200 - 250 Not available ICRISAT 
E 237 Introduced R (medium) 150 - 200 Not available ICRISAT 
ICSV 700 Introduced R (medium) >250 Not available ICRISAT 
A BON 34 Introduced B 100 - 150 Not available Purdue University 
ICSB 10 Introduced B 100 - 150 Not available ICRISAT 
ICSB 21 Introduced B 100 - 150 Not available ICRISAT 
ICSB 34 Introduced B 100 - 150 Not available ICRISAT 
P 9517 B Introduced B 100 - 150 Not available Purdue University 
P 9529 B Introduced B 100 - 150 Not available Purdue University 
A 010054 Introduced B 100 - 150 Not available Australia 
A 963676 Introduced B 100 - 150 Not available Australia 
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4.3.3. Field trial setup 
Field trials were conducted in the 2013 cropping season (June - November) in the three testing sites 
representing the contrasting major agro-ecologies in Ethiopia (Figure S4.1). From the total of 139 F1 
hybrids generated, a subset of 93 hybrids was phenotyped in the lowland environment and 96 hybrids 
in both highland and intermediate environments (Table S4.1). From the total number of test cross 
hybrids 48 of them were evaluated across the three environments, in addition the number of hybrids 
the same between the testing sites was 66 hybrids in the lowland and intermediate, 50 hybrids in the 
lowland and highland environment and 79 hybrids in the highland and intermediate environments. 
Controlled randomization was conducted based on grouping the inbred parents and test hybrids into 
three groups. The first group contained genotypes with plant height < 150 cm, the second group 
genotypes between 150-200cm and the third group genotypes >200 cm. The field trials were laid out 
using a triple lattice design for a total of 121 genotypes which included the hybrids, both male and 
female parents and three checks. The first hybrid released in Ethiopia, using the introduced inbred 
parents (P-9501 A x ICSR 14), and open pollinated improved varieties WSV 387 and 87 BK 4122 
were used as checks in both environments.  
The hybrids were planted following the recommended row spacing and fertilizer was applied for each 
testing sits because of the interest to used improved management practices for increased sorghum 
production. Each plot consisted of two rows, three meters long with 0.75 m inter-row spacing in all 
three environments (with a plot area of 4.5 m2) and intra-row spacing of 0.2m in the lowland and 
0.25m in the highland and intermediate environments. Based on the onset of rainfall, planting 
occurred at different dates across trials; July 15 in the lowland environment; June 19 in the 
intermediate environment; and May 18 in the highland environment. Fertilizer was applied at the rate 
of 100 kg/ha diamonium phosphate (DAP) and 50 kg/ha urea in the lowland environment, whereas 
in the highland and intermediate environments DAP and urea fertilizers were applied at the rate of 
100 kg/ha each. DAP was applied during planting and urea was side dressed at the knee height stage 
of the plant on all environments.  
 
4.3.4. Data recording and statistical analysis 
For the data collection five randomly selected plants from each plot were tagged and covered with 
paper bags after seed setting to protect from bird damage and data was measured from each plant. 
Grain yield (GY) was measured by harvesting from five randomly selected plants which represent 
each plot after adjusted to 11% moisture content and converting into kg ha-1, plant height (PTH) was 
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measured for five randomly selected plants from the base to the top of the plant (cm), days to 
flowering (DTF) was measured as the date where 50% of the plants in the plot flowered and days to 
maturity (DTM) was measured as the date where the grain matured indicated by the formation of 
black layers at the base of the seed from days to planting. Hundred grain weight (HGW) was measured 
as the weight of 100 seeds (g). The grain number (GN) per head was calculated based on the average 
grain yield/panicle (HY) of five randomly selected plants and hundred grain weight (HGW) using the 
formula {GN= (HY/HGW) x 100}. The daily rainfall and minimum and maximum temperature for 
the growing periods were collated from the weather stations located within 200m distance from each 
of the research site.   
Data were analysed using a linear mixed model with spatial variation accounted for by considering 
the rows and columns as a covariate to estimate the variance components and best linear unbiased 
predictor (BLUP) of the genetic values for the traits measured using Genstat statistical software (VSN 
international, 2014). The predicted mean values were estimated considering entries as fixed effects 
and replication as a random effect. The predicted hybrid performances were used to differentiate the 
different groups of genotypes for each testing environment. The magnitude of heterosis of each hybrid 
and hybrid groups, excluding the hybrids derived from intermediate adapted genotypes because of 
their limited number, were computed using the predicted mean values. Heterosis was calculated as 1) 
mid-parent heterosis (MPH= [(F1-MP)/MP] x 100); 2) better parent heterosis (BPH= [(F1-BP)/BP] x 
100), where F1 is the predicted mean performance of the hybrid, MP, is the average of the predicted 
performance of the two inbred parents, and BP is the predicted mean values for the better performed 
inbred parent. The significance of the mean performance of the test crossed hybrids over the better 
parent was tested using t test values computed using: 𝑡𝑖𝑗 = 𝐹1𝑖𝑗 − 𝐵𝑃𝑖𝑗/(√
1
2
𝐸𝑀𝑆) (Wynne et al., 
1970), where F1ij= mean of the ijth F1 cross, BPij= best parent of the ij
th cross and EMS= error mean 
square for each hybrid group. In addition, standard heterosis (SH) was computed for each hybrid and 
groups relative to the performance of the check variety and hybrid.   
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4.4.Results  
 
4.4.1. Testing environments  
The average rainfall from 2006 - 2013 received in the lowland site was half that received in the 
highland site. The lowland site also had 3ºC higher temperatures on average, in comparison to the 
two contrasting environments. The highland environment is characterized by an intermediate level of 
rainfall and slightly lower temperatures during the early establishment and grain filling stages, in 
comparison to the lowland and intermediate environments (Figure S4.2). In comparison to the five 
years average, the amount of rainfall for the cropping season was similar to the average for the 
lowland environment, while higher for the highland and intermediate environment (Figure S4.2). 
Genetic variability within genotypes, hybrids and inbreds was found significant (p<0.001) in each 
environment for grain yield , days to flowering , plant height, grain number and grain weight (Table 
S4.2). Overall, 60% of the total genetic variance was explained by the genetic main effect while the 
remaining variance was accounted for the environment and genotype by environment interaction 
effect for grain yield. The mean hybrid grain yield performance was found to be higher in the lowland 
than in the highland (6081 vs 5029 kg ha-1, respectively), and the lowest mean grain yield was 
obtained in the intermediate environment (4485 kg ha-1). 
There was significant correlation between highland and intermediate environments for grain yield 
performance (r=0.66, p<0.000), in addition to plant height (r=0.95, p<0.000), grain number (r=0.69, 
p<0.000) and grain weight (r=0.44, p<0.01). In contrast significant positive correlation was obtained 
for plant height, days to flowering and grain weight between lowland and intermediate environments 
ranging from 0.34 and 0.94. 
 
4.4.2. Hybrid performance and magnitude of heterosis for different groups of hybrids  
The mean hybrid performance and the better parent heterosis (BPH) are detailed in Table 4.2 for the 
two groups of hybrids derived from Ethiopian genotypes adapted to the lowland (LLA) and the 
highlands (HLA), and the third group of hybrids derived from introduced R lines (IRL) in 
combination with introduced A lines. In all the testing environments, hybrids flowered and matured 
earlier but gave superior performance for the majority of the traits measured, in comparison to the 
better parent. There was significant difference between the mean grain yield performance for each 
groups of hybrids and the high parent in each of the testing environment. However, this variation was 
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not significant for both grain number and hundred grain weight (Table 4.2). Compared to the IRL 
hybrids, the LLA and HLA hybrids had a grain yield advantage of 29% and 62%, respectively, in 
addition to increased plant height and grain weight in their adaptation environment. The locally 
adapted genotypes and 75% of the introduced R lines had the highest mean phenotypic values 
compared to the seed parent for all the traits measured in each environment (data not shown). 
 
4.4.3. Hybrid performance and better parent heterosis in the lowland environment 
 
The LLA hybrids had a mean grain yield of 7223 kg/ha and a mean better parent heterosis (BPH) of 
19% in the lowland environment (Table 4.2). Overall the majority (89%) of the LLA hybrids had 
superior grain yield, which ranged from 2-60% in comparison to the better parent (Figure 4.1). In 
addition, the mean plant height of the LLA hybrids was 235 cm, ranging from 179 to 254 cm. The 
mean BPH for plant height was 11%, with 56% of the LLA hybrids being taller than the best parent. 
In addition, for the LLA hybrids internode length had a mean BPH of 9.7% while the BPH for the 
internode number was had -2.4%, on average. The LLA hybrids had negative BPH for days to 
flowering, with an average BPH of -9%, and flowered eight days earlier than their parents, on average. 
The mean BPH for grain number was 17%, with a large proportion (81%) of the LLA hybrids having 
higher grain numbers in comparison to the best parent. Overall, half of the LLA hybrids had increased 
grain weight, with a mean BPH value of 1% and a maximum value of 24%. Nine (33%) of the LLA 
hybrids were superior from the best parent in both grain weight and grain number.    
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Table 4.2. Predicted mean sorghum hybrid performance and mean better parent heterosis (BPH %) for grain yield (GY), days to flowering (DTF), days 
to maturity (DTM), plant height (PTH), grain number per head (GN) and hundred grain weight (HGW) for three groups of genotypes evaluated in the 
lowland, highland and intermediate environments in Ethiopia 
Hybrid group hybrids GY (kg ha-1) DTF DTM PTH (cm) GN head-1 HGW (g) 
Lowland environment 
             
 Mean BPH (%) Mean BPH (%) Mean BPH (%) Mean BPH (%) Mean BPH (%) Mean BPH (%) 
Lowland adapted (LLA) 27 7223 19*** 66 -9*** 108 -4* 235 12 4033 17 2.6 1 
Highland (HLA) 14 6752 42*** 70 -6*** 111 -5*** 277 -3 3918 43 2.6 2 
Introduced R (IRL) 37 5598 23*** 66 -8** 108 -4* 181 16* 3550 19 2.3 3 
Standard error  541.5  1.4  1.9  11.4  541  0.2  
Highland environment 
Lowland adapted (LLA) 24 5165 43*** 80 -6** 162 -4 176 14 3016 44 3.0 -7 
Highland adapted (HLA) 18 6703 16*** 92 -11*** 174 -4 220 -20** 3507 -6 3.3 2 
Introduced R (IRL) 25 4147 33*** 80 -12* 160 -4 124 8 2688 38 3.1 -4 
Standard error  531.4  2.9  3.2  13.2  365.3  0.27  
Intermediate environment 
Lowland adapted (LLA) 24 4553 19*** 85 -1 150 -5 198 6 2332 8 2.7 1 
Highland adapted (HLA) 18 5889 52*** 87 -3 163 -1 225 -13** 3375 30 2.7 10 
Introduced R (IRL) 35 3878 10*** 85 -2 154 -4 162 15 2237 -2 2.7 4 
Standard error  514  1.8  1.6  6.7  306.4  0.13  
* Significant at (p < 0.05), ** Significant at (p < 0.01), *** Significant at (p < 0.001) 
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In comparison to the HLA and IRL hybrids, the LLA hybrids had the highest mean grain yield and 
grain number. In addition, the mean plant height and grain weight were higher in the LLA hybrids in 
comparison to the IRL hybrids. The grain yield advantage of the LLA hybrids in comparison to the 
HLA and IRL hybrids was, on average, 7% and 29%, respectively. However, six of the HLA hybrids 
had comparable grain yield performance to the LLA hybrids in the lowland. Two of these HLA 
hybrids had higher grain yield compared to the high yielding LLA hybrid (ICSA 34 x PGRC/E 
69475). However, the per se performance of the highland adapted parents was found to be 17% lower 
than the lowland adapted parent (data not shown). This was reflected in the magnitude of grain yield 
BPH (42%) for the HLA hybrids which was found to be the highest in the lowland compared to the 
LLA and IRL hybrids (Table 4.2, Figure 4.2i). The average mean BPH for days to flowering for the 
HLA hybrids was -12%, and flowered eight days earlier than the best parent, however these hybrids 
flowered four days later than the LLA and IRL hybrids on average. The mean days to maturity were 
108 days for LLA and IRL hybrids, ranging from 103 to 113 days. In comparison, the HLA hybrids 
had mean days to maturity of 111 days and ranged between 105 to 120 days. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. Sorghum hybrid grain yield performance (kg ha-1), better parent heterosis (BPH) and 
standard error bar (horizontal line) of LLA hybrids and high yielded parents evaluated in the 
lowland environment colour coded as follows: lowland adapted hybrid parent (dark) and the hybrids 
crossed with different female parents (grey) 
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4.4.4. Hybrid performance and better parent heterosis in the highland environment 
The mean grain yield for the HLA hybrids was 6703 kg ha-1, which had 16% superiority from the 
best parent (Table 4.2). In addition, 61% of the hybrids had superior grain yield performance, ranging 
from 2.5 to 73% yield increase in comparison to the locally adapted best parental lines (Figure 4.3i). 
The HLA hybrids had positive BPH for grain weight (2%) but negative BPH for grain number (-6%). 
However, variation was observed in the magnitude of BPH for grain number and grain weight within 
the HLA hybrids. The hybrids derived from the durra type of parental lines PGRC/E69241 and Wello 
coll # 050, had a negative mean BPH (-17%) for grain number and a positive mean BPH (4%) for 
grain weight, while the hybrids derived from the bicolor parental line, Zengada 2, had a positive mean 
BPH (21%) for grain number and a negative mean BPH (-2%) for grain weight. Additionally, all the 
HLA hybrids flowered earlier than the inbred parent with an average BPH of -11% and had also 
exhibited a negative mean BPH for plant height (-20%). The HLA hybrids had -7% mean BPH for 
internode length and the BPH for the internode numbers was -18% %.     
Although the HLA hybrids gave the highest mean performance for all five traits measured in 
comparison to LLA and IRL hybrids, the highest BPH for grain yield was obtained for the LLA 
hybrids (43%) followed by the IRL hybrids (33%) (Table 4.2, Figure 4.2ii). However low per se 
performance for the inbred parent of the LLA and IRL hybrid was observed compared to the highland 
adapted genotypes which had two fold higher mean grain yield than the two groups of inbreds (data 
not shown). In the lowland environment, three hybrids derived from the non-adapted highland 
adapted and introduced R lines and in the highland environment two hybrids derived from introduced 
R and lowland adapted genotypes exhibited outlier HPH (Figure 4.2). The LLA and IRL hybrids 
flowered, on average, 12 days earlier and had lower grain number and grain weight than the HLA 
hybrids. However, both the LLA and IRL hybrids exhibited positive BPH for grain number, with the 
highest value of 44% for the LLA hybrids while negative BPH in grain weight (-7%).  
 
Figure 4.2. Box plots for grain yield better parent heterosis (BPH) of sorghum hybrids derived from Ethiopian 
genotypes adapted to highland (highland) and lowland environment (lowland) and introduced R lines (introduced R) 
evaluated in: i. lowland environment; ii. highland environment; and iii. intermediate environment 
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Figure 4.3. Sorghum hybrid grain yield performance (kg ha-1) and better parent heterosis (BPH) of 
HLA hybrids and high yielded parents color coded as follows: highland adapted parent (black) and 
their hybrids crossed with different female parent (grey) evaluated in: i. highland environment; and 
ii. intermediate environment 
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4.4.5. Hybrid performance and heterosis in the intermediate environment 
 
The performance and magnitude of heterosis for the three hybrid groups were additionally evaluated 
in the intermediate environment. For the HLA hybrids, the direction of BPH was the same as the 
highland environment for all the traits except grain number. The LLA and IRL hybrids had positive 
BPH for all the traits, except grain number and days to flowering for the IRL hybrids and days to 
flowering for the LLA hybrids. The HLA hybrids had the highest mean BPH for grain yield (52%) in 
comparison to the other two groups of hybrids. The majority of HLA hybrids (83%) had positive BPH 
for grain yield ranging from 23 to 158% (Figure 4.3ii). In comparison to the highland and lowland, 
the magnitude of BPH for grain yield for the HLA hybrids was higher in the intermediate 
environment. The LLA hybrids had similar mean BPH in both lowland and intermediate while IRL 
hybrids had the lowest BPH compared to the lowland and highland environments and it was also 
lower from the HLA and LLA hybrids (Figure 4.2iii). 
 
4.4.6. Genetic distance using SNP markers as a predictor of hybrids grain yield and better 
parent heterosis    
  
There was a weak positive correlation between genetic distance between the inbred parental lines 
with hybrids grain yield performance and grain yield BPH in the lowland and highland environmnets. 
In the lowland environment, the magnitude of correlation between genetic distance and hybrids GY 
performance was (r=0.13) while the correlation between BPH and genetic distance was (r=0.17) for 
the three hybrid groups. In the highland environment, genetic distance between inbred parental lines 
significantly correlated (r=0.25, p<0.03) with hybrid GY performances, while there was no 
correlation with grain yield HPH. However, in the intermediate environments, genetic distance 
between the inbred parents was significantly correlated with grain yield performance (r=0.35, 
p<0.001) and grain yield HPH (r=0.4, p<0.001).  
 
4.4.7. Standard heterosis 
 
In the lowland environment, the improved open pollinated check variety Melkam had a mean grain 
yield of 6482 kg ha-1 while the recently released sorghum hybrid derived from introduced inbreds (P-
9501 A x ICSR 14) had a mean grain yield of 5985 kg ha-1. The standard heterosis (SH) for the 
hybrids was calculated using the higher yielding check variety is presented in Table 3. The LLA 
hybrids had an average SH of 11% from Melkam and 21% from the hybrid check. The majority (20 
58 
 
out of 27) of the LLA hybrids had superior performance from the check variety. Although the mean 
SH of the IRL hybrids was found to be negative, 13 of the 37 IRL hybrids out yielded the check 
variety. The highest SH for the HLA hybrids (48%) and for the LLA hybrids 33% compared to the 
check variety. The increase in plant height was 70% for the HLA and 44% for the LLA hybrids in 
comparison to the check variety. The average SH for grain weight was negative for both hybrid 
groups, however, 12 LLA and 8 HLA hybrids had higher grain weight than the check variety (Table 
3). In average both the LLA and IRL hybrids flowered and matured earlier than the check variety 
while later than the check hybrid.  
      
The HLA hybrids had the highest grain yield with a mean SH of 35% in the highland and 3% in the 
intermediate environment in comparison to the check variety, 87 BK 4122 (Table 4.3). The HLA 
hybrids flowered late and had had an average SH of 105% for plant height and 16% for grain weight 
in the highland environment in comparison to the check variety, and showing increases for both traits 
in the intermediate environment. In the highlands, the LLA hybrids had 4% mean grain yield 
superiority in addition to an increase in plant height by 65% and grain weight by 5% in comparison 
to the check variety. Except for plant height and grain weight, the IRL hybrid had lower performance 
for the other traits from the check variety in the highland and intermediate environments (Table 3). 
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Table 4.3. Mean and maximum standard heterosis (SH) from the improved variety (Melkam) in the lowland and 87 BK 4122 in the intermediate and 
highland environment in Ethiopia 
Hybrid group 
GY (kg ha-1) DTF DTM PTH (cm) GN head-1 HGW (g) 
Standard heterosis (%) 
Lowland environment Mean Max Mean Max Mean Max Mean Max Mean Max Mean Max 
Lowland adapted (LLA) 11 33 -10 -15 -5 -8 44 75 8 36 -2 26 
Highland (HLA) 4 48 -4 -14 -2 -7 70 92 5 43 -1 21 
Introduced R (IRL) -14 13 -10 -21 -5 -9 11 60 -4 31 -11 6 
Highland environment             
Lowland adapted (LLA) 4 58 -8 23 -4 -7 65 106 -31 8 5 32 
Highland adapted (HLA) 35 121 5 26 -1 -6 105 148 -20 36 16 46 
Introduced R (IRL) -17 17 -7 -17 -4 -6 16 82 -39 -10 10 32 
Intermediate environment             
Lowland adapted (LLA) -20 34 5 10 -0.6 -3 35 54 -21 61 2.1 21 
Highland adapted (HLA) 3 68 7 15 -0.5 -5 54 89 15 87 1.3 21 
Introduced R (IRL) -32 1 5 10 -0.9 -3 11 49 -24 10 1.1 19 
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4.5.Discussion 
 
This study has demonstrated that hybrids derived from Ethiopian genotypes adapted to lowland and 
highland environments, in combination with introduced A-lines, exhibited higher mean grain yield in 
their respective adaptive environment compared to the high parent and the hybrids derived from 
introduced R lines. In spite of the smaller sample size of the highland adapted hybrids and possible 
over estimation of the mean values due to the random plant samples used for data collection, the result 
we found indicates the potential of hybrids derived from locally adapted genotypes to increase 
sorghum productivity while meeting increased plant height and grain size requirements of Ethiopian 
farmers. The highland adapted hybrids (HLA) had the highest (52%) mean grain yield better parent 
heterosis (BPH) in the intermediate environment, which was the highest in comparison to the lowland 
adapted hybrids (LLA) and introduced R lines hybrids (IRL). The variation in the magnitude of 
heterosis is likely reflects the increased genetic distance between the highland adapted parental lines 
and introduced A-lines in comparison to the other two groups of genotypes (Mindaye et al., 2015). 
Hybrids derived from the locally adapted genotypes had superior performance from the inbred parents 
and introduced hybrids. In addition, the LLA hybrids had 11% and HLA hybrids 35% grain yield 
superiority, on average, in comparison to the check varieties in their adaptive environments.     
  
4.5.1. Superior performance of hybrids from the locally adapted inbred parents  
 
The mean BPH for grain yield in each of the environments using locally adapted and non-adapted 
hybrid groups ranged between 10 to 52% (Table 4.2), which is within the range previously reported 
for sorghum in USA (Duvik, 1999; Hayes and Rooney, 2014) and in sub- Saharan Africa (Haussmann 
et al., 2000; Makanda et al., 2010). In particular hybrids derived from locally adapted genotypes had 
the highest mean hybrid performance compared to the non-adapted parent in their adaptive 
environment. In the lowland environment, the LLA hybrids had a yield advantage of 7% in 
comparison to the HLA hybrids and 29% in comparison to the IRL hybrids. In addition, the HLA 
hybrids had 30% yield superiority in comparison to the LLA hybrids and 62% to the IRL hybrids in 
the highland environment (Table 2). Previous studies have reported the superior phenotypic 
performances of hybrids derived from genotypes that have adaptive traits to particular environments 
(Reif et al., 2010; Troyer and Wellin, 2009).  
 
Drought stress is the critical limiting factor for sorghum production in the lowland environment in 
Ethiopia (Gebeyehu et al., 2004). Hence, drought tolerant, high yielding and tall sorghum varieties 
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are preferred by farmers (Mekbib, 2006; Wubeneh and Sanders, 2006). In this study, the LLA hybrids 
exhibited a mean BPH of 19%, with a maximum value of 60%, in grain yield performance from the 
best yielding parent in the lowland environment. The LLA hybrids had negative mean BPH (-9%) for 
days to flowering and (-4%) for days to maturity, indicating the earlier maturity of the hybrids in 
comparison to their parents. However, plant height increased in the LLA hybrids by 11%, on average, 
from the high parent, which is an important attribute for increased plant biomass (eg Murray et al., 
2008; Zaho et al., 2009). Six of the HLA hybrids also had comparable grain yield performance to the 
LLA hybrids in the lowland; however these hybrids were later maturing by four days on average 
indicating the likely risk of terminal moisture stress occurring in the lowland environment.  
 
In addition to increased yield and plant height, larger grain size varieties also have higher acceptance 
by consumers and fetch better income to farmers (Mekbib, 2006), which could be related to increased 
milling yield and higher water absorbance (Lee et al., 2002).  Half of the LLA hybrids had higher 
grain weight, of which nine also had higher grain number compared to the high parent demonstrating 
the possibility of improving grain yield and grain weight without sacrificing grain number using 
locally adapted genotypes (Eastin et al., 1999). For instance the hybrid ICSA 10 x Gambella 1107, 
among the top yielding hybrids, had a 5% increase in grain number and 10% increase in grain weight 
compared to the high parent in the lowland environment.  
 
The HLA hybrids had increased grain yield productivity with an average BPH of 16% in the highlands 
and 52% in the intermediate environment, the latter of which was higher than the 26% yield increase 
recently reported in hybrids generated from guinea type of sorghum in West Africa (Rattunde et al., 
2013). In relation to the higher grain number and grain weight BPH, the magnitude of grain yield 
heterosis was higher in the intermediate environment than in the highlands for the HLA hybrids 
(Table 4.2). As the seed parents used for the hybrid development were not bred for cold tolerance, 
the lower temperatures in the highlands during establishment compared to the lowlands, might have 
had an effect on the hybrid vigor in the highland environment (Figure S4.2). The grain yield 
performance was significantly correlated (r=0.66, p<0.000) between the highland and intermediate 
environments, likely explaining the similarity in ranking of the hybrids and the potential of hybrids 
in both environments. The HLA hybrids, however, had negative BPH for plant height in all the 
environments evaluated, which could be related to the reduced internode length possibly related to 
the incomplete dominance of plant height genes (Rooney, 2000). In addition, internode number had 
also exhibited reduced mean HPH which could be the reflection of the environment on the hybrids 
during the plant growth period. In order to overcome a reduction in plant height and grain number, a 
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strategy for breeding locally adapted male sterile female parents for increased plant height and 
selection of cold tolerance parental lines could be employed.   
 
4.5.2. Hybrid performance and heterosis of locally adapted genotypes versus introduced R 
lines  
 
The male and female parental groups currently being used for hybrid breeding are primarily 
developed for adaptation to temperate environments where mechanized farming and high input 
systems are in place (Menz et al., 2004; Klein et al., 2008; Smith et al., 2010). In addition to the 
superiority of grain yield performance, adaptation of the hybrids to local environments and 
improvement of farmers’ preferred traits, including plant height and grain size, are vital for hybrids 
to be adopted by Ethiopian farmers (Mekbib, 2006; Wubneh and Sanders, 2006). In this study the 
LLA and HLA hybrids gave 29% and 62% increase in grain yield, respectively,  in addition to 30% 
and 77% increased plant height compared to the IRL hybrids in their adaptive environment indicating 
the possibility of developing adaptable and high yielding hybrids using locally adapted genotypes 
(Reif et al., 2010; Troyer and Wellin, 2009). Although the LLA and IRL hybrids had similar flowering 
and maturity times, the LLA hybrids had increased grain yield, plant height, grain number and grain 
weight in comparison to the IRL hybrids. The correlation between an increase in grain yield and plant 
height in sorghum hybrids has been observed in previous studies (George-Jaeggli et al., 2011, 2013), 
and may be related to enhanced radiation use efficiency by the tall locally adapted sorghum hybrids. 
Variation in grain number and grain size between the LLA and IRL hybrids was also observed, with 
the LLA hybrids having larger grains in comparison to the IRL hybrids (2.6 gm vs 2.3 gm 100 seed-
1). This again could be related to the availability of assimilate in the tall locally adapted hybrids to fill 
the grain during late grain filling stages, as observed in previous studies (George-Jaeggli et al., 2013; 
Yang et al., 2010).  
 
The success of hybrid breeding depends on the magnitude of heterosis for economically important 
traits which has been reported to be related to the extent of genetic variability and complementarity 
of parental pools (Springer and Stuper, 2007). The existing restorer and seed parent groups in 
sorghum impose genetic constraints, due to the complex cytoplasmic male sterility system, which 
limits the development of new seed parents (Jordan et al., 2010). However, there is potential to expand 
the pollinator pools due to the predominance of restorer genes in a range of genetic backgrounds of 
sorghum genotypes (Jordan et al., 2011). The magnitude of better parent heterosis for hybrids derived 
from locally adapted genotypes suggests that it will be possible to exploit heterosis in Ethiopia using 
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the existing seed parents across all environment types with the exception of the highlands, due to the 
lack of cold temperature adaptation in the existing seed parents. Although there is variation in the 
BPH depending on adaptation of the inbred lines, the extent of BPH of the LLA and IRL hybrids 
seemed to be within the same range in the lowland and highland environments (Figure 4.2i and 4.2ii).  
 
 
4.6. Conclusion  
 
Hybrids developed using locally adapted genotypes as a restorer line crossed with introduced A-lines 
exhibited higher grain yield performance than the high parent and the hybrids derived from introduced 
R-lines. The magnitude of grain yield superiority form the high parent extended up to 60% and 73% 
for the LLA and HLA hybrids in the lowland and highland environment, respectively. This result 
highlighted the potential to increase sorghum productivity while increasing plant height and grain 
size using locally adapted genotypes as a hybrid parent. The superiority of the test hybrids over the 
check variety included in this study signifies the potential positive economic advantage of such 
hybrids in the diverse sorghum growing environments in Ethiopia. Breeding A/B lines adaptable to 
the highland environment or selection for cold tolerance from the highland adapted genotypes could 
possibly overcome the shortcomings of the HLA hybrids. The magnitude of better parent heterosis 
was the highest for the HLA hybrids than the IRL and LLA hybrids, a reflection of the genetic 
distance between the restorer and seed parents.  
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CHAPTER 5 
 
Genetic basis for improved yield performance of sorghum hybrids derived from locally 
adapted and introduced genotypes evaluated in contrasting environments in Ethiopia 
 
5.1. Abstract 
Genetic improvement for multiple traits and increased efficiency of hybrid development requires a 
better understanding of the genetic basis of improved performance in the targeted genetic pool. This 
study aimed to investigate the genetic basis of improved grain yield performance in a set of 139 F1 
hybrids developed by crossing introduced seed parents with introduced R lines and Ethiopian 
genotypes adapted to lowland and highland environments. Significant genetic variability was 
observed for grain yield and its component traits within and between the three hybrid groups in three 
contrasting environments in Ethiopia. In the lowland environment, increases in both grain weight and 
grain number contributed to increased grain yield of lowland adapted hybrids compared to the 
introduced hybrids. In both groups of hybrids the increased grain weight in the lowlands was a 
consequence of increased rate of grain filling. In the highlands, however, increased grain yield of 
locally adapted hybrids compared with introduced hybrids was predominantly driven by greater grain 
number while grain weight had no variation due to greater rate of grain filling of locally adapted 
hybrids was offset by a shorter duration of grain filling. Additive genetic effects were prevalent for 
all traits measured for all hybrid groups with the highest proportion of non-additive genetic effects 
observed for introduced hybrids. The relationship detected between general combining ability (GCA) 
and inbred per se performance with grain yield and component traits reflected the type of genetic 
effect for each of the hybrid groups. This result suggests that selection of genotypes based on inbred 
performance and GCA is promising for locally adapted genotypes, whereas the performance of the 
hybrids derived from introduced inbred lines requires assessment in the field.    
 
 
 
 
 
 
 
a b 
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5.2.Introduction 
 
Sorghum (Sorghum bicolor (L.) Moench is a tropical C4 grain crop, which originated and was 
domesticated in the north eastern quadrant of Africa (Dillon et al., 2007) and is grown primarily as 
food grain crop throughout the semi- arid tropics. In Ethiopia, sorghum contributes 17% of the 
national annual cereal grain production (CSA, 2014). Sorghum is also used in the traditional farming 
systems where its stover, which is used for animal feed, construction of fences and fire wood sources, 
is equally important as grain yield to farmers (Rooney, 2004). Consequently, high biomass producing 
sorghum genotypes are preferred and grown by Ethiopian farmers. In Ethiopia, sorghum has a wide 
area of adaptation growing in regions ranging from dry and hot lowlands to the wet and cold highlands 
and intermediate ago-ecologies (Kebede and Menkir, 1987; Tesso et al., 2011). Sorghum productivity 
in Ethiopia is constrained by both biotic and abiotic factors, including drought and the parasitic weed 
Striga in the lowland environment and biotic factors, such as leaf and head diseases in the highland 
and intermediate environments. A number of open pollinated varieties have been released for the 
different agro-ecologies. However, their adoption rates by farmers have been low, partly because of 
their early maturity and short plant stature, which adversely affect biomass, and their lack of grain 
quality traits (Cavatassi et al., 2011; Mekbib, 2006; Wibeneh and Sanders, 2006). The increasing 
demand for food and feed, along with recurrent drought, has created demand for improved varieties 
and/or hybrids that can enhance sorghum productivity while addressing the multiple traits required 
by farmers and the quality traits for end use products.  
Sorghum hybrids have demonstrated increased productivity and stable performance in a range of 
environments compared to their inbred parents (Duvick, 1999; House et al., 1999). The shortest 
(three-dwarf) and early maturing inbred lines are used for hybrid development in the developed world 
(Klein et al., 2008; Smith et al., 2010). In Ethiopia, hybrid development research has been carried out 
for many years mainly targeting the lowland environments. However, it has predominantly utilized 
introduced inbred lines characterized by short plant stature, early maturity and low grain size which 
hinder the uptake of improved hybrids by Ethiopian farmers. Little efforts have been made in utilizing 
the locally adapted genotypes as hybrid parents, even though previous studies have shown the 
Ethiopian landraces to be highly genetically diverse (Desmae, 2007; Tesso et al., 2011). The 
availability of such untapped diversity in Ethiopia suggests there is an opportunity to improve 
sorghum productivity while addressing the interest of farmers and consumers (Rattunde et al., 2013). 
Dissecting complex traits into more simply inherited component traits and understanding the 
interactions between the component traits provides a useful approach for breeders to make genetic 
gains through indirect selection of the component traits (Betrȃn et al., 2003a). Grain number and grain 
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size generally having the greatest effect on hybrid grain yield across a range of crops including maize 
and sorghum (Borras and Gambin, 2010; Mahama et al., 2014). However, the negative relationship 
frequently observed between grain number and grain size has indicated there is a trade-off between 
the two traits (Sadras, 2007). This requires attention because grain size can impact on grain quality 
when targeting increased grain yield (Eastin et al., 1999; Kreigshauser et al., 2006; Hick et al., 2002). 
Grain size itself depends on the duration and rate of grain filling. In maize, increased grain weight 
has been linked to an increased rate of grain filling (Wang et al., 1999). In sorghum, however, an 
increased rate of grain filling observed in genotypes with large grains was offset by lower grain 
number, such that increased grain yield of large seeded genotypes was associated with longer duration 
of grain filling (Yang et al., 2009).  
Plant height is also positively correlated with grain yield performance in maize (Betrȃn et al., 2003b) 
and in sorghum (Jordan et al., 2003). In sorghum, taller hybrids can have higher radiation use 
efficiency (Hammer et al., 2010) and a higher rate of accumulation of photosynthetic assimilates. 
This facilitates grain filling, particularly when moisture is limiting during grain filling stage (George 
Jaeggli et al., 2011, 2013). These studies, however, were conducted using specific genetic 
backgrounds that are mainly used by breeding programs in the developed world; the relationships 
among the traits in a different genetic context are unknown. Similarly, a different environmental 
context can also impact on the relationships between traits (Sadras and Slafer, 2012; Seaed, 1989). 
Therefore, in order to dissect the genetic basis of enhanced yield performance in genotypes relevant 
to Ethiopian farmers, it is critical to compare the performance of hybrids derived from the locally 
adapted genotypes with those derived from introduced inbred lines across contrasting environments 
that represent the major sorghum growing areas in Ethiopia. 
Hybrid development is, however, an arduous task that involves the identification of suitable hybrid 
parental lines and the evaluation of large numbers of crosses across multiple environments and years. 
A number of approaches have been tested to try to reduce the cost and time to develop superior 
hybrids. Inbred line per se performance and their combining ability with identified tester lines can be 
good initial indicators of the breeding value of inbred lines in hybrid breeding (Gowda et al., 2012). 
Inbred line performance and GCA have been used separately, or in combination, to predict hybrid 
performance for different crops including sorghum (Mahama et al., 2014; Kenga et al., 2004) and 
maize (Kebede et al., 2014; Makanda et al., 2010). In these studies strong positive correlations 
between inbred per se and hybrid grain yield performance under drought stress and non-stressed 
conditions have been reported in subtropical and tropical environments (Betrȃn et al., 2003a; Berhanu 
et al., 2013; Oyekunle and Badu-Apraku, 2014; Meseka et al., 2006). The efficiency of prediction 
based on the inbred per se performance and GCA effect varies depending on the relative importance 
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of additive genetic variance, which is related to the level of genetic variation between the inbred 
parents (Betrȃn et al., 2003a; Reif et al., 2007) and environmental differences (Gowda et al., 2012).   
In a recent study, the heterotic grouping and hybrid performances of locally adapted genotypes and 
introduced inbred lines with existing introduced seed parents were assessed (Mindaye et al, 2015; 
Chapter 4). However, information on the genetic basis of the superior performance of the hybrids, the 
inbred/hybrid relationship as a predictor of hybrid performance and the relationships among the 
component traits of yield are lacking for the diverse sorghum growing environments in Ethiopia. The 
aim of this research were to: 1) identify the relationship between yield and yield component traits of 
hybrids derived from locally adapted and introduced parental lines in contrasting environments in 
Ethiopia; and 2) assess the genetic variance and relationship between hybrid performances with the 
GCA and per se performances.    
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5.3.Materials and Methods 
 
5.3.1. Genetic materials  
 
A total of 26 genotypes were selected as parents to develop 139 F1 hybrids. These included nine 
locally adapted genotypes that represented the three major sorghum agro-ecologies in Ethiopia (the 
highland, intermediate, and lowland environments), nine introduced restorers (R lines) and eight 
introduced female parental lines (A/B lines) (Table 5.1). The locally adapted genotypes included 
improved pedigree lines and landraces used in the national breeding program in Ethiopia. The plant 
height of the lowland adapted genotypes ranged between 200 and 250 cm, whereas height of the 
highland adapted genotypes exceeded 250 cm and that of the introduced inbred parents was generally 
less than 150 cm. Genetic distance information between and within the groups of genotypes, which 
was computed using whole genome SNP markers, was also considered when selecting the parental 
lines (Mindaye et al., 2015). Crossing was conducted using an unbalanced design II mating scheme 
and the F1 seed was multiplied under irrigated conditions in the 2012 off-season nursery at 
Melkawere. 
 
5.3.2. Description of testing sites and field evaluation  
 
Based on altitude, amount of rainfall and length of the growing period, the sorghum growing 
environment in Ethiopia can be broadly classified into three major agro-ecological zones that are 
currently in use by the national sorghum improvement program; highland (>1900 meter above sea 
level, masl), intermediate (1600-1900 masl) and lowland (<1600 masl) (Kebede and Menkir 1987; 
Tesso 2011). Trials were grown in three research stations representing these three agro-ecologies: 
Arsi Negele (1960 masl, 7˚20'N latitude) represented the highlands and has a mean annual rainfall of 
870 mm and an average annual minimum temperature (Tmin) of 12˚C and maximum temperature 
(Tmax) of 25˚C, with a growing period of 180-200 days, and a vertisol soil type. The intermediate 
environment was represented by Bako (1565 masl, 9˚08'N latitude), with a mean annual rainfall of 
1178 mm, Tmin of 14˚C and Tmax of 28˚C, a growing period of 150-180 days, and with a netosol 
soil type. The lowland environment was represented by Mieso (1470 masl, 9˚14'N), with 713mm 
mean annual rainfall, Tmin of 14˚C and Tmax of 34˚C, growing period of 110-120 days and with a 
vertisol soil type. In general, as the altitude declines the temperature increases and the growing season 
gets shorter. 
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Table 5.1. List of locally adapted and introduced parental lines selected based on genetic distance 
and plant height for hybrid development  
Genotype name Pedigree Genotype group 
Maturity 
group 
Source 
2005 MI 5065 WSV 387 X P-9403 Lowland adapted Medium Local improved 
Misikir 
PGRC/E# 69441 x P-
9401 
Lowland adapted Medium Local improved 
Ajab sedi Collection Lowland adapted Early Local landrace 
Gambella 1107 Collection Lowland adapted Medium Local landrace 
PGRC/E 69475 Collection Lowland adapted Early Local landrace 
2002 BK 7020 
P-967083 X 80LPYT-2 
# 532 X IS 9379 X 80 
ESIP 16 X (RS-R-20-
8614-2) X (IS- 9379) 
Intermediate Late Local improved 
PGRC/E 69241 Collection Highland adapted Late Local landrace 
Wello Coll # 050 Collection Highland adapted Late Local landrace 
Zengada 2 Collection Highland adapted Late Local landrace 
ICSR 24004 Not available Introduced R (early) Early ICRISAT 
IESV 92031 DL 
KAT 369 X SEREDO 
BULK 17 
Introduced R (early) Early ICRISAT 
P 89009 Not available Introduced R (early) Early PURDUE 
PDL 984953 Not available Introduced R (early) Early PURDUE 
PRL 984084 Not available Introduced R (early) Early PURDUE 
PI 308453 Not available Introduced R (late) Medium ICRISAT 
104 GRD Not available Introduced R (late) Late ICRISAT 
E 237 Not available Introduced R (late) Late ICRISAT 
ICSV 700 
(IS 1082SC 108-3)-1-1-
1-1-1 Introduced R (late) Late ICRISAT 
A BON 34 Not available Introduced A/B Early PURDUE 
ICSB 10 
[(BTx 623 × UChV2)B 
lines bulk]-10-1-2 Introduced A/B Early ICRISAT 
ICSB 21 Not available Introduced A/B Early ICRISAT 
ICSB 34 
[(MR 807 × BTx 624)B 
lines bulk]-5-5-1-2 Introduced A/B Early ICRISAT 
P 9517 B Not available Introduced A/B Early PURDUE 
P 9529 B Not available Introduced A/B Early PURDUE 
A 010054  Introduced A/B Early Australia 
A 963676  Introduced A/B Early Australia 
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5.3.3. Field trial setup 
 
Field trials were conducted in the 2013 cropping season (June - November). From the 139 F1 hybrids 
that were generated, a subset of 93 hybrids was phenotyped in the lowland environment and 96 
hybrids in both the highland and intermediate environments (Chapter 4). The field trials were laid out 
using a triple lattice design with 121 genotypes that included the hybrids, their male and female 
parents and three checks. The checks included P-9501 A x ICSR 14, which is the first hybrid released 
in Ethiopia using introduced inbred parents, and WSV 387 and 87 BK 4122, which are both open 
pollinated improved varieties.    
Each plot consisted of two rows of three meters length with 0.75 m inter-row spacing in all three 
environments and intra-row spacing of 0.2m in the lowland and 0.25m in the highland and 
intermediate environments. Based on the onset of rainfall, planting was occurred at different dates 
across trials: July 15 in the lowland environment, June 19 in the intermediate environment, and May 
18 in the highland environment. Fertilizer was applied at a rate of 100 kg/ha diamonium phosphate 
(DAP) and 50 kg/ha urea in the lowland environment, whereas in the highland and intermediate 
environments DAP and urea fertilizers were applied at a rate of 100 kg/ha each. DAP was applied 
during planting and urea was side dressed at the six leaf stage in all environments.  
 
5.3.4. Data collection and statistical analysis  
 
Grain yield (GY) was measured by harvesting five randomly selected plants from each plot. Plot yield 
was converted into kg/ha after adjusting to 11% moisture content. Plant height (PTH) was measured 
for these five randomly selected plants from the base to the top of the panicle (cm). Days from sowing 
to flowering (DTF) was measured as the number of days when 50% of the plants flowered and days 
to maturity (DTM) measured as the number of days till 50% of seeds had formed a black layer, which 
represents physiological maturity. Head weight (HW) was the average weight the heads of five 
randomly selected main plants including the seed weight (grams). Hundred grain (GW) weight was 
measured as the weight of 100 randomly selected seeds (grams). Grain number (GN) per head was 
calculated based on the average dry head yield (HY) of five randomly selected main plants and 
hundred grain weight (GW) using the formula GN= (HY/GW) x 100. Duration of grain filling (DGF) 
was calculated as number of days from flowering to maturity and the rate of grain filling (RGF) is the 
rate at which a single grain filled and was calculated from the weight of a single grain over the 
duration of grain filling (DGF).     
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Data were analyzed using a linear mixed model where genotypes were assigned as fixed terms and 
replication assigned as random terms using Genstat statistical software (VSN international, 2014). 
Spatial variation was accounted for by considering the rows and columns as a covariate to predict the 
best linear unbiased predictor (BLUP) of the genetic values for all the traits measured. Analysis was 
conducted for the whole set of hybrids and also on three subsets of hybrids grouped based on the 
origin and adaptation of the male parental lines crossed with introduced seed parents: 1) lowland 
adapted hybrids (LLA), derived from Ethiopian genotypes adapted to the lowlands; 2) highland 
adapted hybrids (HLA), derived from Ethiopian genotypes adapted to the highlands; and 3) 
introduced hybrids, derived from introduced R lines (IRL). The broad based heritability (H2) was 
calculated from the total genetic variance due to hybrids over the variance due to hybrids pulse error 
variance. The variation within each subset of hybrid group, derived from the common seed parents 
across groups, was partitioned into male and seed parent and their interaction effects. The variance 
due to male and seed parents represented general combining ability of the male parent (GCAm) and 
seed parent (GCAf) and their interaction effect, which represented the specific combing ability (SCA) 
(Hallauer and Miranda, 1988). Relative importance of GCA over SCA was computed using the mean 
square of parental lines and their interaction {[GCAm + GCAf]/ [GCAm+GCAf+SCA]}x100.  
The predicted mean performance for all subsets of hybrids derived from the same seed parent lines 
was used to calculate the GCA effect of the inbred parental lines. The GCA was calculated as the 
difference of the overall mean of all the hybrids evaluated from the mean of an inbred line crossed 
with a series of seed parents. The significance of the GCA effect was tested using a two tailed t-test. 
Simple linear regression analysis was conducted using the GCA value and per se performances of the 
male parents on the predicted hybrid grain yield performance of each hybrid group. The correlation 
coefficient between traits for all hybrids and inbred parents and for the hybrid groups in each testing 
environment was also calculated. 
 
72 
 
5.4.  Results 
 
5.4.1. Genetic variability of hybrids derived from locally adapted and non-adapted genotypes 
 
The broad sense heritability (H2) for grain yield in the three testing environments ranged between 64 
and 78% (Table 5.2). The highest heritability was obtained for plant height and days to flowering 
which ranging from 79 to 93% in each of testing environments, with the exception of days to 
flowering in the intermediate environment.  
 
In the lowland environment, the genetic variation between LLA and IRL hybrids significantly 
different for the majority of traits measured (grain yield, days to flowering, plant height, grain 
number, 100 grain weight and rate of grain filling). The genetic variance between the lowland adapted 
and introduced R parental lines was highly significantly different for plant height (p<0.001 and also 
significantly different (p<0.05) for grain yield, grain number and rate of grain filling. In the highland 
environment the variation between HLA and IRL hybrids was significant for all the traits measured 
except 100 grain weight. In the intermediate environment, where both groups of hybrids were 
evaluated, the variation was significant among the hybrid groups for all the traits measured, except 
days to flowering and 100 grain weight. The HLA hybrids had the highest mean performances for all 
the traits compared to the LLA and IRL hybrids, except for rate of grain filling (Table 5.2).   
 
In the lowland environment, the LLA hybrids had 29% greater grain yield performance than the IRL 
hybrids. The LLA hybrids also had an average of 14% higher grain number per head (4033 and 3550 
grains per head, respectively) and 13% greater mean 100 grain weight (2.6 gm and 2.3 gm) in 
comparison to the IRL hybrids (Table 5.2). Partitioning of the grain weight into duration and rate of 
grain filling showed that the LLA hybrids had a longer duration of grain filling by one day and had a 
13% higher rate of grain filling than the IRL hybrids (0.62 vs 0.55 mg/grain/day) (p<0.03). In 
addition, the LLA hybrids had a 30% increase in plant height compared to the IRL hybrids. The 
difference between the inbred male parental lines for the two hybrid groups also followed similar 
trends. In addition, the lowland adapted inbred parents had 37% yield superiority, on average, 
compared to the introduced R lines, and additionally significantly greater number of grains per head 
and a higher rate of grain filling (Table 5.2)    
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In the highland environment, the HLA hybrids had 62% greater grain yield performance than the IRL 
hybrids. This difference was predominantly associated with a 30% greater grain number per head. 
Differences between HLA and IRL hybrids in 100 grain weight were smaller, because an 11% greater 
rate of grain filling of the HLA hybrids was offset by a shorter duration of grain filling by five days. 
The HLA hybrids were on average nearly twice as tall as the IRL hybrids. Similarly, the highland 
adapted genotypes and introduced R lines had significant difference in grain yield (p<0.001) in 
addition to significant differences in grain number and plant height. The variation in grain weight, 
rate and duration of grain filing was not significantly different between the locally adapted and 
introduced R lines.   
 
In the intermediate environment, the HLA hybrids had higher grain yield and grain number in 
comparison to the LLA and IRL hybrids, but 100 grain weight was on average similar across the three 
hybrid groups (Table 5.2). Compared to the IRL and LLA hybrids, the HLA hybrids had a lower rate 
of grain filling, however, this was compensated by an extended duration of grain filling which were 
10 and 7 days longer in the HLA hybrids compared to LLA and IRL hybrids, respectively. The 
variation among the inbred male parental line groups was not significant for any of the traits measured 
in the intermediate environment except for days to maturity and plant height.   
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Table 5.2. Predicted mean and (±SD), genetic variability between hybrid groups and broad sense heritability (H2) for grain yield (GY), days to 
flowering (DTF), days to maturity (DTM), plant height (PTH), grain number (GN), hundred grain weight (HGW), duration of grain filling (DGF) and 
rate of grain filling (RGF) for the lowland adapted hybrids (LLA), highland adapted hybrids (HLA) and introduced R hybrids (IRL) and their inbred 
male parental lines evaluated in three contrasting environments in Ethiopia 
  Lowland environment Highland environment Intermediate environment 
Trait 
Hybrid/
parent LLA IRL  
1p 
value 
H2(
%) HLA IRL 
*p 
value 
H2(
%) LLA HLA IRL 
*p 
value H2(%) 
Hybrids #  27 37   18 25   24 18 35   
GY (kg ha-
1) 
Hybrid 7223±921 5598±407 <0.001 71 6703±2961 4147±624 <0.001 78 4553±150 5889±1622 3878±183 <0.001 64 
Inbred 6107±1362 4457±1413 <0.05  6006±2540 3265±1139 <0.001  3823±280 3858±71.6 3553±1031 0.55  
DTF  
Hybrid 66±3.2 68±2.4 0.003 90 92±9.2 80±7.4 <0.001 83 85±0.53 87±1.1 85±0.32 0.15 12 
Inbred 73±2.7 72±4.9 0.26  102±8.5 89±11.3 0.001  86±2.5 89±1.8 86±1.2 0.25  
DTM 
Hybrid 108±2 109±2.2 0.15 39 174±1.8 160±1.9 0.005 38 150±0.28 163±1.3 154±0.45 <0.001 22 
Inbred 114±1 112±1.9 0.24  181±2.4 166±3.5 0.001  157±0.7 165±0.77 160±1.2 0.001  
PTH (cm) 
Hybrid 235±15.4 181±19.2 <0.001 90 220±31.7 124±33.6 0.005 79 198±20.6 225±29.9 162±18.5 <0.001 93 
Inbred 217±28 159±46 <0.001  274±39.8 107±52.6 <0.001  188.5±27.4 258±10.7 143±41 <0.001  
2GN head-1 
Hybrid 4033±77 3550±395 <0.001 42 3507±951 2688±413 0.009 69 2332±1939 3375±8174 2237±440 <0.001 74 
Inbred 3487±234 2898±464 <0.05  3834±1189 1788±877 0.004  1938±516 2473±567 2075±291 0.37  
HGW (g) 
Hybrid 2.61±0.26 2.3±0.19 <0.001 55 3.3±0.52 3.1±0.2 0.334 43 2.7±0.23 2.8±0.23 2.7±0.18 0.30 60 
Inbred 2.6±0.21 2.3±0.2 0.07  2.98±0.86 3.15±0.42 0.92  2.7±0.24 2.5±0.73 2.6±0.27 0.51  
DGF 
Hybrid 42±1.7 41±2.6 0.06 65 82±8.5 87±4.2 0.007 72 66±2.5 76±5.1 69±10.4 <0.001 96 
Inbred 41±0.7 40±3.3 0.76  78±10.6 80±2.8 0.22  72±3.3 76±2.1 74±3.9 0.26  
3RGF  
Hybrid 0.62±0.08 0.55±0.06 0.03 70 0.40±0.06 0.36±0.02 0.001 66 0.40±0.02 0.37±0.03 0.39±0.02 0.01 79 
Inbred 0.63±0.07 0.57±0.06 0.05  0.38±0.07 0.39±0.06 0.94  0.38±0.03 0.33±0.09 0.36±0.04 0.57  
1p, p value (probability between hybrid groups); 2GN, Grain number for the mother plant;   2GN mg/day/grain 
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5.4.2. Partitioning of genetic variance of hybrid performance into its components 
 
In the lowland environment, the mean sum of squares in grain yield, days to maturity and 100 grain 
weight was higher for the LLA hybrids than the IRL hybrids, while the IRL hybrids had the highest 
variance for days to flowering, plant height, grain number and duration of grain filling (Table 5.3). 
Partitioning of the total genetic variance of the LLA hybrids showed that variation due to male 
parental lines had a significant effect on all the traits measured, with the exception of grain number 
and duration of grain filling, whereas the female parental lines had a significant effect on grain yield, 
days to flowering and grain number (Table 5.3). For the IRL hybrids the male parents had significant 
effect on grain yield, days to flowering and maturity and plant height, while the female parental lines 
had significant effect on grain yield, plant height and grain number (Table 5.3). The interaction 
between parental lines was significant for days to flowering and plant height for the LLA hybrids, 
while for the IRL hybrids the interaction was only significant for days to flowering. The proportion 
of general combining ability (GCA) of the parental lines in the lowland environment over the total 
variance due to the parental lines and their interaction for grain yield was 96% for the LLA hybrids 
and 86% for the IRL hybrids. The ratio of GCA for component traits ranged between 72 to 91% for 
the LLA hybrids. The GCA variance for plant height was the highest for IRL hybrids and for the 
other component traits the ratio ranging from 72 to 90%. The male parental lines accounted for highest 
proportion of GCA variance in the LLA hybrids than IRL hybrids for grain yield, 100 grain weight 
and rate of grain filling. 
 
In the highland environment, the HLA hybrids had greater genetic variance than IRL hybrids for all 
the traits measured, except for plant height and rate of grain filling (Table 5.4). The effect of male 
parental lines on the HLA hybrids was highly significant (p<0.001) for all the traits measured except 
rate of grain filling, while the female parental lines had a highly significant (p<0.001) effect on days 
to flowering and a significant effect (p<0.01) on plant height and grain number.  For the IRL hybrids 
the male parental lines had significant effect for all the traits with the exception of days to maturity, 
grain number and duration of grain filling, whereas the female parental lines had significant GCA 
effect only for days to flowering, plant height and duration of grain filling (Table 5.4). The interaction 
of the parental lines had a significant effect on days to flowering and grain number for both the HLA 
and IRL hybrid groups, with parental lines of the IRL hybrid group also having a significant 
interaction effect on grain yield.  
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Table 5.3. Mean sum of square hybrids, male (GCAm) and female (GCAf) parental lines and their SCA effect for lowland adapted hybrids (LLA), and 
introduced hybrids (IRL) for grain yield (GY), days to flowering (DTF), days to maturity (DTM), plant height (PTH), grain number (GN), hundred 
grain weight (HGW), duration of grain filling (DGF) and rate of grain filling (RGF) evaluated in the lowland environments 
  GY (t/ha) DTF DTM PTH (cm) GN head-1 HGW (g) DGF RGF 
 Source  df LLA IRL LLA IRL LLA IRL LLA IRL LLA IRL LLA IRL LLA IRL LLA IRL 
Hybrid 19,27 2.64*** 2.62*** 21.1*** 39*** 15.6 11 1658*** 5682*** 1485100** 1633046*** 0.18** 0.10* 8.4 22.7 0.013** 0.017 
GCA(m) 4,6 8.7*** 4.5*** 46.9*** 85*** 34* 29** 3337*** 23696*** 1470794 382898 0.47** 0.18 11.9 32 0.033** 0.034 
GCA (f) 3 3.9** 5.0** 30.3*** 23 25 2.8 390 1225** 5166636*** 8085882*** 0.17 0.15 7.6 19 0.004 0.014 
SCA (mxf) 12,18 0.5 1.6 11.5*** 27** 5.6 6.5 1417*** 420 642857 974290 0.09 0.06 7.3 20 0.008 0.012 
Residual 38,54 0.99 0.94 2.9 10.9 9.7 8.8 477 247 504566 336676 0.07 0.05 8.9 14 0.01 0.014 
1GCA (%)  96 86 87 80 91 83 72 98 91 90 88 85 73 72 82 80 
2GCA m (%) 66 40.6 52.9 63 52.6 75.7 64.9 93.5 20.2 4.1 64.4 46.2 44.4 45.1 73.3 56.7 
* Significant at (p < 0.05), ** Significant at (p < 0.01), *** Significant at (p < 0.001) 
1GCA (%), ratio of GCA variance for male and female parents 
2GCAm (%), ratio of GCA variance due to male parental lines 
df, degrees of freedom for the parental lines for the two groups of hybrids, the number for each group of hybrids separated by a comma   
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In the highland environment, the GCA variance explained 99% and 76% of the variance for the HLA 
and IRL hybrids, respectively (Table 5.4). The ratio of GCA for the component traits was also higher 
for the HLA hybrids, ranging from 93 to 98% in comparison to the IRL hybrids which ranged from 
38 to 98%. The highest proportion of GCA variance for the IRL hybrids was obtained for PTH (99%). 
The male parental lines of the HLA hybrids had the highest proportion of GCA for all the traits 
ranging from 83 to 95.5%, with the exception 100 grain weight and rate of grain filling.  
 
5.4.3. Relationship between traits for hybrids and inbred lines in contrasting environments  
 
In the lowland environment, grain yield was significantly correlated with both grain number and 100 
grain weight for the LLA and IRL hybrid groups (Table 5.5). For the LLA hybrids grain yield was 
more significantly correlated with 100 grain weight than with grain number (r=0.59, p<0.001 vs 
r=0.41, p<0.05). In contrast, for the IRL hybrids grain yield was more significantly correlated with 
grain number (r=0.84, p<0.001) than with 100 grain weight (r=0.36, p<0.05). In the LLA hybrid grain 
yield was also significantly positively correlated with rate of grain filling (r=0.65, p<0.001), whereas 
duration of grain filling significantly negatively correlated with grain yield (r=-0.47, p<0.01). The 
correlation between 100 grain weight and rate of grain filling was significantly and positively 
correlated for the LLA hybrids (r=0.96, p<0.001) and IRL hybrids (r=0.72, p<0.001) (Table 5.5).  
 
Plant height was significantly positively correlated with grain yield, grain number and grain weight 
of the IRL hybrids in the lowland environment. There was also significant positive correlation 
between plant height and rate of grain filing in the IRL hybrids, but not between plat height and 
duration of grain filling. In contrast, plant height was not significantly correlated with grain yield or 
either of the two component traits (grain weight and grain number) for the LLA hybrids (Table 5.5).  
 
In the highland environment, grain yield was significantly positively correlated with grain number 
for the HLA hybrids (r=0.77, p<0.001) and the IRL hybrids (r=0.70, p<0.001), but not with 100 grain 
weight for both groups of hybrids (Table 5.5). Similar to the lowland environment, 100 grain weight 
was significantly (p<0.001) positively correlated with rate of grain filling for both the HLA and IRL 
hybrids. In addition, for the HLA hybrids grain weight was significantly correlated with the duration 
of grain filling (r=0.59, p<0.01) (Table 5.6).  
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Table 5.4. Mean sum of square for hybrids, male (GCAm) and female (GCAf) parental lines and their SCA effect for highland adapted hybrids (HLA), 
and introduced hybrids (IRL) for grain yield (GY), days to flowering (DTF), days to maturity (DTM), plant height (PTH), grain number (GN), hundred 
grain weight (HGW), duration of grain filling (DGF) and rate of grain filling (RGF) evaluated in the highland environment 
  GY (t/ha) DTF DTM PTH GN head-1 HGW (g) DGF RGF 
Source df HLA IRL HLA IRL HLA IRL HLA IRL HLA IRL HLA IRL HLA IRL HLA IRL 
Hybrid 14/19 13.9*** 3.5*** 298*** 207*** 62.9 31.8 2789*** 6650*** 4459939*** 1478346*** 0.9*** 0.5** 267*** 132* 0.01* 0.01* 
GCA(m) 2 86.8*** 7.7*** 1616*** 185*** 307*** 29.8 13658*** 39639*** 22933309*** 492951 3.6*** 1.5* 1411*** 96 0.02 0.03** 
GCA (f) 4 2.6 1.9 151*** 525*** 36.9 66.7 1970** 728* 1470093** 706166 1.1 0.3 102.9 224* 0.02 0.004 
SCA (mxf) 8 1.3 3.0*** 43*** 106*** 26 20.6 481 377 1336519** 1982088*** 0.2 0.3 63.8 110 0.003 0.005 
Residue 28/38 0.71 0.6 9.3 29 39 23 473 267 405997 368070 0.2 0.2 57 63 0.006 0.004 
†GCA (%)  99 76 98 87 93 82 97 99 95 38 96 84 96 74 93 87 
††GCA m   95.7 61 89.3 22.6 83 25.4 84.8 97.3 89.1 15.5 74.1 70.8 89.4 22.3 46.5 76.9 
* Significant at (p < 0.05), ** Significant at (p < 0.01), *** Significant at (p < 0.001) 
†GCA (%), ratio of GCA variance for male and female parents 
††GCAm (%), ratio of GCA variance due to male parental lines 
df, degrees of freedom for the parental lines for the two groups of hybrids, number separated by comma is for the two groups of hybrids
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For the HLA hybrids, days to flowering was positively correlated with plant height (r=0.83, 
P<0.001) (Table 5.6). The correlation between plant height and grain number was significantly 
positive (r=0.58, p<0.001), but was negatively correlated with grain weight (r=-0.52, p<0.05). 
In addition, the correlation between plant height and duration of grain filling was significantly 
negative (r=-0.75, p<0.001). In contrast to the lowland environment, plant height was not 
correlated with grain yield for the IRL hybrids in the highlands, although there was a negative 
correlation with 100 grain weight (r=-0.52, p<0.01), and rate of grain filling (r=-0.61, p<0.001).   
 
In the intermediate environment, grain yield of all three hybrid groups significantly (P<0.001) 
increased with increasing grain number, but grain yield was not significantly correlated with 
grain weight of any of the hybrid groups (Table S5.1). For all three hybrid groups, 100 grain 
weight was significantly positively correlated with rate of grain filling and for the HLA hybrid 
groups there was also significant correlation between grain weight and grain filling duration 
(r=0.47, P<0.05). Results for the hybrid parents (Table S5.2) also showed that grain yield was 
more highly positively correlated with grain number than grain weight for all hybrid groups 
(Table S5.2). For the HLA hybrids, grain yield in the highland environment was also highly 
positively correlated with days to maturity (Table S5.2).  
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Table 5.5. Correlation coefficient between grain yield (GY), days to flowering (DTF), days 
to maturity (DTM0, plant height (PTH), grain number (GN), hundred grain weight (HGW), 
duration of grain filling (DGF) and rate of grain filling (RGF) for lowland adapted hybrids 
(below diagonal) and introduced hybrids (above diagonal) evaluated in the lowland 
environment  
 GY  DTF DTM  PTH GN HGW DGF RGF 
GY 1 0.12 0.26 0.56*** 0.84*** 0.36* 0.05 0.27 
DTF 0.43* 1 0.71*** 0.19 0.19 0.06 -0.80*** 0.60*** 
DTM 0.21 0.8*** 1 0.26 0.13 0.30 -0.15 0.34* 
PTH 0.08 0.19 0.09 1 0.41** 0.37* -0.05 0.34* 
GN 0.41* 0.35 0.32 -0.23 1 -0.09 -0.16 0.06 
HGW 0.59*** 0.08 -0.11 0.26 -0.38* 1 0.17 0.72*** 
DGF -0.47** -0.71*** -0.14 -0.21 -0.19 -0.26 1 -0.55*** 
RGF 0.65*** 0.29 -0.04 0.31 -0.29 0.96*** -0.53** 1 
* Significant at (p<0.05), ** Significant at (p<0.01), *** Significant at (p<0.001) 
 
Table 5.6. Correlation coefficient between grain yield (GY), days to flowering (DTF), days 
to maturity (DTM), plant height (PTH), grain number (GN), hundred grain weight (HGW), 
duration of grain filling (DGF) and rate of grain filling (RGF) for highland adapted hybrids 
(below diagonal) and introduced hybrids (above diagonal) evaluated in the highland 
environment  
 GY  DTF DTM  PTH GN  HGW DGF RGF 
GY 1 -0.09 -0.16 0.16 0.70*** -0.23 0.02 -0.19 
DTF 0.07 1 0.57** -0.35 0.27 -0.04 -0.91*** 0.45* 
DTM -0.48* 0.31 1 -0.14 0.18 -0.11 -0.18 0.00 
PTH 0.31 0.83*** 0.21 1 0.03 -0.52** 0.35 -0.61*** 
GN 0.77*** 0.58** -0.23 0.72*** 1 -0.22 -0.24 -0.34 
HGW 0.28 -0.65** -0.18 -0.52* -0.56** 1 -0.01 0.85*** 
DGF -0.31 -0.88*** 0.18 -0.75*** -0.71*** 0.59** 1 -0.54** 
RGF 0.59** -0.08 -0.36 -0.02 0.31 0.75*** -0.10 1 
* Significant at (p<0.05), ** Significant at (p<0.01), *** Significant at (p<0.001) 
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5.4.4. Hybrid performance in relation to inbred parent per se performance and GCA  
 
As the male parental lines exhibited greater effects than the female parental lines on the 
majority of traits measured for the three hybrid groups (Table 5.3 and Table 5.4), the 
relationship between hybrid performances was evaluated with the inbred per se and GCA of 
the male parental lines. In the lowland environment, the inbred per se and hybrid performance 
for grain yield was significantly correlated for LLA hybrids (r=0.38, p<0.05) but not had for 
the IRL hybrids (Table 5.7). For the LLA hybrids, there was also significant correlation 
between hybrids and inbred per se performances for days to flowering, 100 grain weight and 
rate of grain filling ,whereas between the IRL hybrids and their inbred male parents had 
significant correlation for days to flowering (r=0.36, p<0.05) and plant height (r=0.91, 
p<0.001). In the highland environment, there was significant correlation the HLA hybrids and 
their inbred per se performance for all the traits measured. The IRL hybrids and their inbred 
male parents had significant correlations for plant height, 100 grain weight and rate of grain 
filling in the highland environment (Table 5.7).  
 
In the intermediate environment, the correlation between LLA hybrids and the inbred per se 
had similar magnitude and direction with the lowland environment for grain yield, 100 grain 
weight and rate of grain filling. But in contrast to the lowland environment, plant height and 
duration of grain filing were also significantly correlated for the LLA hybrids in the 
intermediate environment. Similarly, with the exception of duration of grain filling, the HLA 
hybrids and their male parental lines had comparable significant correlations in both the 
highland and intermediate environments. The IRL hybrids and their inbred male parents had 
significant correlation for plant height in the intermediate environment, in common with the 
findings across the lowland and intermediate environment. In addition, a significant negative 
correlation for grain number per head was found for the IRL hybrids and their inbred 
performance in the intermediate environment.   
 
The GCA of the male parental lines was significantly correlated with grain yield performance 
in all the three hybrid groups (Table 5.8). The highest coefficient of correlation between GCA 
of the male parental lines and hybrid performance for grain yield was obtained with the HLA 
hybrids (r =0.89, p<0.001) followed by the LLA hybrids (r =0.78, p<0.001) in their adaptive 
environment. The correlation between the GCA of the inbred parents and the derived hybrids 
was significant for all component traits and hybrid groups with the exception of grain number 
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per head for the LLA hybrids (Table 5.8). In the lowland environment, the GCA and inbred 
per se performance for the lowland adapted genotypes was positively correlated to grain yield 
days to flowering and 100 grain weight, while for the introduced inbred lines the correlation 
between GCA and inbred  per se was positive for days to flowering and plant height. In the 
highland environment, there was high positive correlation between the GCA of the highland 
adapted genotypes and their per se performance for all the traits measured (Table 5.8). 
 
Table 5.7. Correlation coefficient between hybrids and per se performance of the male inbred 
parents for grain yield (GY), days to flowering (DTF), plant height (PTH), grain number 
(GN), hundred grain weight (HGW), duration of grain filling (DGF) and rate of grain filling 
(RGF) for the subset of lowland adapted (LLA), highland adapted (HLA) and introduced R 
lines (IRL) hybrids evaluated in three contrasting environments in Ethiopia 
Hybrid group GY  DTF PTH GN HGW DGF RGF 
Lowland environment 
LLA 0.38* 0.60** -0.07 -0.2 0.61** 0.32 0.72*** 
IRL 0.01 0.36* 0.91*** 0.08 0.04 0.09 -0.13 
Highland environment 
HLA 0.83*** 0.82*** 0.77*** 0.66** 0.77*** 0.83*** 0.45* 
IRL -0.09 0.30 0.89*** -0.15 0.54** 0.21 0.51* 
Intermediate environment  
LLA 0.32* 0.46* 0.41* 0.28 0.49** 0.67*** 0.49** 
HLA 0.70*** 0.40* 0.82*** 0.82*** 0.58** 0.26 0.54** 
IRL -0.19 0.14 0.89*** -0.32* -0.02 0.21 -0.04 
* Significant at (p<0.05)  
** Significant at (p<0.01) 
*** Significant at (p<0.001) 
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Table 5.8. General combining ability (GCA), predicted mean inbred line per se, correlation 
coefficient between GCA with inbred per se and hybrid performances for lowland adapted and 
introduced hybrids evaluated in the lowland environment and highland adapted hybrids evaluated in 
the highland environment 
Genotype GY (kg/ha) DTF PTH (cm) GN head-1 GW (g) 
 GCA Mean GCA Mean GCA Mean GCA Mean GCA Mean 
Lowland adapted 
 2005 MI 5065 97.9 5185 1.2 76 -9.7 228.9 67.5 2841 0 2.8 
 Ajab sedi -1322* 5924 -1.9* 72 4.1 253.6 -310.8 4010 -0.2 2.2 
 Misikir -247 5784 -0.4 72 -12 178.6 106.4 3397 -0.2 2.5 
 PGRC/E 69475 262 6740 -1.6 71 -9.3 231.6 -277.1 3465 0.2 3.0 
Gambella 1107 1210** 6905 2.9** 76 27.1* 193.7 413.9 3719 0.2 2.8 
SED 398.9  0.68  8.9  332  0.14  
r(GCA vs inbred) 0.52 0.91** -0.14 -0.22 0.88* 
r(GCA vs hybrid) 0.78*** 0.62*** 0.69*** 0.20 0.76*** 
Highland adapted  
 PGRC/E 69241 2740.5* 9201 -2.4 103 1.7 284.2 919.7 5715 0.3 3.3 
 Wello Coll # 050 -1787* 4947 -8.3* 93 -30.3 229.6 -1241* 2500 0.3 3.5 
 Zengada 2 -953.6 3869 10.7* 110 28.6 307.2 321.6 3288 -0.6 2.1 
SED 321.7  1.1  7.89  225  0.18  
r(GCA vs inbred) 0.93 0.95 0.98 0.86 0.99 
r(GCA vs hybrid) 0.89*** 0.86*** 0.79*** 0.76*** 0.77*** 
Introduced R   
 104 GRD 647.4 2173 0.9 82 69.5** 250.5 333.2 2323 0 1.4 
 ICSR 24004 396.1 4500 2.5 75 -20.3 137.1 63 3044 0.1 2.4 
 IESV 92031 DL 681.6 5480 1 71 37* 179.1 320.5 3584 0.2 2.3 
 P 89009 -1051* 3382 -0.4 73 -58.8** 109.8 -419.6 2199 -0.2 2.2 
 PDL 984953 -314.4 4457 -4* 66 -30.1* 134.1 -136.8 2666 -0.1 2.6 
 PI 308453 -350.9 6728 2.8 70 22.7 171.6 -257.5 3781 0.1 2.6 
 PRL 984084 -8.9 4481 -3 69 -18.5 131.2 97.3 2689 -0.1 2.4 
SED 402  1.34  12.8  238  0.12  
r(GCA vs inbred) -0.08 0.53 0.96*** 0.11 0.06 
r(GCA vs hybrid) 0.57*** 0.70*** 0.95*** 0.38* 0.58*** 
* Significant at (p<0.05)  
** Significant at (p<0.01) 
*** Significant at (p<0.001) 
SED, standard error of differences for male parents 
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5.5. Discussion 
 
The efficiency of genetic improvement through breeding can be improved by better understanding of 
the genetic basis of the targeted breeding populations. Until this study, the information regarding the 
genetic basis for improved hybrid grain yield performance for locally adapted Ethiopian sorghum 
genotypes crossed with introduced seed parents and introduced hybrids had not been generated. This 
study highlighted the genetic variability for grain yield and its component traits within and between 
the lowland adapted (LLA), highland adapted (HLA) and introduced R lines (IRL) hybrid groups. In 
the lowland environment, increases in hybrid grain yield performance were related to grain number 
and grain weight, whereas in the highland and intermediate environments grain number was the major 
trait determining grain yield increase. In the lowlands, the increased in grain yield was related to the 
significant positive effect of increased rate of grain filling on grain weight, while both duration and 
rate of grain filling contributed to higher grain weight in the highland and intermediate environments. 
The relative importance of GCA was more pronounced for grain yield and grain yield components of 
both groups of locally adapted hybrids, while a higher proportion of SCA effects were observed for 
the IRL hybrids. The strong correlation between grain yield and GCA of locally adapted inbred male 
parental lines was in line with the significant correlation between inbred per se and hybrid grain yield 
performance. This result indicates there are opportunities to make selection from the diverse locally 
adapted genotypes based on their per se performance as a predictor to develop hybrids that are adapted 
to local environments and have traits that are preferred by farmers.  
 
5.5.1. Traits determining grain yield in F1 hybrids and their inbred parents   
 
The increased performance of hybrids compared to their inbred parents is one of the driving factors 
for their wider utilization in sorghum production. In this study, the hybrids derived from locally 
adapted genotypes demonstrated superior grain yield in their adaptive environments compared to their 
high yielding inbred parental lines and the introduced hybrids. In the lowland environment, the 
difference in grain yield between the hybrids and inbred male parental lines was related to the increase 
in grain number for the hybrids (16%), while grain weight, duration and rate of grain filling were 
comparable between hybrids and inbred male parents. The increased in grain number observed in the 
LLA hybrids could be related to a higher panicle growth rate around anthesis. Structural panicle 
weight (SPW, panicle weight excluding the grain) at maturity was greater for LLA hybrids than for 
the inbred parents (26.4 gm/panicle and 20.8 gm/panicle, respectively) and SPW at maturity 
represents panicle growth rate around anthesis, which in turn is highly correlated with grain number  
(van Oosterom and Hammer, 2008). In the highland environment, the lower grain number observed 
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for the HLA hybrids compared to the inbred male parental lines was offset by the increased grain 
weight, which was also related to an increase in both duration and rate of grain filling. These findings 
are in line with a previous study in sorghum that observed a compensation of reduced grain number 
by increased grain filling rate, such that increased grain yield was a consequence of extended duration 
of grain filling (Yang et al., 2010).  
 
The difference between grain yield performance of the LLA and IRL hybrids in the lowland 
environment, however, was related to the significant difference in both grain number and grain 
weight, whereas the difference in grain number contributed to the difference in grain yield 
performance between HLA and IRL hybrid groups in the highland environment. This increased grain 
number of the locally adapted hybrids could be related to the higher SPW for the HLA hybrids than 
IRL hybrids (36.6 gm/panicle and 28.8 gm/panicle, respectively). The higher SPW of the HLA 
hybrids might suggest the availability of excess assimilates which could be attributed to the increased 
grain weight in comparison to the introduced hybrid group.  
 
In the lowlands, LLA hybrids had a stronger correlation between grain yield and grain weight than 
the IRL hybrids (Table 5.5). This could be related to the higher genetic variance in grain weight 
observed within the LLA hybrids (Table 5.2). However, in the highland environment, grain number 
was the major grain yield determinant trait for both the HLA and IRL hybrid groups. The results of 
the HLA and IRL hybrid groups in the highland environment are in line with previous studies, which 
have reported a significant effect of grain number on grain yield performance in sorghum (Mahama 
et al., 2014; Tolk et al., 2013). The correlation between the components of grain weight revealed that 
rate of grain filling had a significant effect on grain yield in both environments and hybrid groups, 
while the duration of grain filling was found to be important only for the HLA hybrids in the highland 
environment. Hence, selecting for increased grain yield using lowland adapted genotypes will likely 
indirectly select for both increased grain weight and high rate of grain filling. In the highland 
environment, the increased rate and duration of grain filling of the HLA hybrids is offset by the 
greater grain number, however, the locally adapted hybrids have had comparable grain weight with 
the IRL hybrids.     
 
In comparison to the IRL hybrids, the trade-off between grain number and grain weight was greater 
in both the LLA and HLA hybrid groups. This might be related to the higher grain number of both 
the HLA and LLA hybrid groups in comparison to the IRL hybrids. In a previous study, the extended 
duration of grain filling period had a positive effect on grain weight of larger seeded hybrids, resulting 
in higher yield (Yang et al., 2010). In line with this finding the negative effect of extended duration 
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of grain filling on grain number compensated by the increased grain weight for the HLA hybrids in 
both highland and intermediate environments, which is in contrast to the results obtained for the LLA 
hybrids in the lowland environment. This result suggested that selection for high rate of grain filling 
with lower duration of grain filling for the lowland environment and for high rate and extended 
duration of grain filling for the highland environments could be suitable strategies to increase grain 
yield performance in addition to enhancing the grain quality through increased grain size (Lee et al., 
2002). A significant GCA effect was observed for rate of grain filling in the LLA hybrids and both 
grain filling rate and duration in the HLA hybrids. These results are suggesting that genetic 
improvement for these traits could be possible through recurrent selection, in order to develop hybrids 
with increase grain yield performance (Wang et al., 1999; Yang et al., 2010).  
 
5.5.2. Plant height has different effect on grain number and weight between hybrid groups   
 
The three subsets of hybrid groups differed in plant height and these differences were reflected in the 
varying magnitude of the correlation between plant height and grain yield and its component traits 
among the different hybrid groups. The overall relationship showed that grain yield increased with 
increasing plant height for each hybrid group and environment. Similar findings have been reported 
for Ethiopian landraces evaluated in the highland and lowland environments (Tesso et al., 2011) and 
for germplasm in Australia (George-Jaeggli et al., 2011; Jordan et al., 2003). For the LLA hybrids, 
grain weight marginally increased with increasing plant height while both grain weight and grain 
number increased with increasing plant height for the IRL hybrids in the lowland environment. The 
higher genetic variability in plant height for the IRL hybrids compared to the LLA hybrids have 
contributed to the higher correlation with grain weight and grain number. The positive effect of plant 
height on grain weight may be related to increased assimilate availability in the stem of taller hybrids 
for grain filling (Gambίn and Borrás, 2007; George-Jaeggli et al., 2011). However, for the HLA 
hybrids plant height was significantly positively correlated with grain number, negatively correlated 
with grain weight, in line with a previous study using Ethiopian landrace genotypes (Tesso et al., 
2011).  
 
5.5.3. Per se performance and GCA of locally adapted genotypes as predictors of hybrid 
performance 
 
The GCA effect can be used to estimate the breeding values of the inbred parents, which is useful to 
select genotypes for hybrid breeding (Hallauer and Mirnada, 1988). The locally adapted hybrids 
accounted for the highest proportion of GCA variance (>90%) for grain yield and component traits 
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except duration and rate of grain filling. In spite of the significant SCA effect on days to flowering 
and plant height, the higher proportion of the GCA effect for the locally adapted hybrids indicated 
the prevalence of additive genetic effects in the locally adapted genotypes for grain yield and 
component traits. In previous studies the prevalence of additive genetic effects have been reported 
for grain yield and related traits in sorghum (Kenga et al., 2006; Mindaye et al., 2008), maize (Betrán 
et al., 2003b), and in wheat (Gowda et al., 2012). For the locally adapted hybrids, the male parental 
lines explained the greatest proportion of genetic variance compared to the female parental lines. The 
prevalence of additive genetic effects could be related to the higher genetic variability between the 
parental populations as reported previously (Mindaye et al., 2015), which is in agreement with 
previous reports (Reif et al., 2007). The higher proportion of GCA effects of the locally adapted 
hybrid groups highlights opportunities for selecting locally adapted genotypes with higher breeding 
values for hybrid development.    
 
The female parental lines had significant effects on grain yield, days to flowering and grain number 
for the LLA hybrids in the lowland environment, whereas they only had only significant effect on 
days to flowering and grain number for the HLA hybrids. This result indicates the complementarity 
of the introduced seed parents for increased grain yield in combination with the lowland adapted 
genotypes. Although the additive genetic effects were also predominant in the introduced hybrids, 
the IRL hybrids had the highest proportion of non-additive genetic effect for grain yield, days to 
flowering and grain number compared to the locally adapted hybrids. The importance of both additive 
and non-additive genetic effects on grain yield and days to flowering has been reported on sorghum 
(Makanda et al., 2010). The higher proportion of non-additive genetic effects of the introduced hybrid 
performance suggests that field evaluation is required for identifying the best performing introduced 
hybrids.  
 
The per se performance and GCA of the inbred parents can be used as primary indicators in parental 
line selection for hybrid development (Gowda et al., 2012). These methods are effective when the 
relative importance of dominance and epistasis genetic effects is minimal (Gowda et al., 2012; Reif 
et al., 2007). The LLA hybrids and their male parental lines were significantly correlated for grain 
yield, days to flowering, grain weight and rate of grain filling, whereas the HLA and their male 
parental lines were significantly correlated for all the traits measured in their adaptive environment. 
The result obtained for both groups of hybrids showed similar trends in the intermediate environment, 
with the exception of plant height and grain number for the LLA hybrids. Similar findings have been 
reported for maize in both tropical and sub-tropical environments (Betrȃn et al., 2003b; Makumbi et 
al., 2011). The significant relationship between the locally adapted genotypes and their hybrids 
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indicates the inheritance of adaptive traits by the derived hybrids. However, the magnitude of 
correlation between lowland adapted genotypes and the derived hybrids lower for grain yield was 
lower which could be due to the lowered GCA effect (66%) of the male parent and the differential 
response of the hybrids and inbred parental lines for terminal moisture stress in the lowland 
environment. A similar observation has been reported for maize under moisture stressed condition 
(Betrȃn et al., 2003a). Response to drought stress could therefore be an important selection criterion 
for lowland adapted genotypes to be used for hybrid development (Kebede et al., 2013). In a recent 
study, prediction of hybrid grain yield performance based on the component traits has been found 
promising (Prado et al., 2013). The significant correlation between hybrids and inbred parents for 
grain weight and rate of grain filling in the lowland environment and all yield component traits in the 
highland environment indicated the potential to use the component traits as a predictor for hybrid 
grain yield improvement.   
 
5.6. Conclusion 
 
The hybrids derived from locally adapted genotypes had higher genetic variance and mean 
performances for the majority of the traits measured in comparison to the introduced hybrids. In the 
lowland adapted hybrids the major grain yield determinant traits were identified as being both grain 
weight and grain number while in the highland adapted hybrids grain yield was driven largely by 
grain number only. Selection for higher rate and shorter duration of grain filling in the lowland 
adapted hybrids could be used for increased grain yield performance, while in the highland adapted 
hybrid group both rate and extended duration of grain filling are important. Increasing in plant height 
had positive effect on grain yield performance through its positive effect on grain weight in the 
lowland adapted hybrids and through grain number in the highland adapted hybrids. The prevalence 
of additive genetic variance in the highland and lowland adapted genotypes indicated selection of 
genotypes based on GCA effect would be possible. Inbred per se performance was significantly 
correlated with both the GCA of the inbred parents and hybrid grain yield performance for locally 
adapted hybrids and can be used as a predictor of hybrid performance. Grain weight and rate of grain 
filling in the lowland adapted hybrids and all yield component traits in the highland adapted hybrids 
can also be used as selection criteria in parental lines for improved hybrid grain yield performance. 
The introduced seed parental lines contribute to increased grain yield and grain number when 
combined with the lowland adapted genotypes indicating the possibility to use the best combiner seed 
parents for hybrid development for the lowland environments in Ethiopia.         
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CHAPTER 6 
 
General Discussions 
Increasing crop productivity while addressing farmer preferred and quality traits for end use products 
is the major aim in plant breeding. Sorghum grain is one of the most important food security crops in 
Ethiopia, however, the plant biomass valued as equally as the grain, which is used for animal feed 
and construction of fences. The food and feed demand of the country is growing due to the rapid 
human population growth and change in standard of living. To-date the improved sorghum varieties 
in Ethiopia have had low adoption rates, primarily because they do not contain  farmers preferred 
traits in particular plant height and grain size. In order to address the increasing grain demand and to 
overcome the production challenges across the diverse sorghum growing environments in the country, 
there is an increasing demand for improved varieties that can enhance productivity and address 
farmers preferred traits.  
Sorghum hybrids are produced using the cytoplasmic male sterility system and have consistently 
demonstrated increased productivity and stability of performance in a range of environments. Hybrid 
cultivars are exclusively used in the developed world and increasingly being adopted in the 
developing countries. The sorghum cytoplasmic male sterility is a three lines system consisting of 
restorer lines (R lines) and male fertile maintainer line (B lines) and male sterile female parent (A 
lines). To-date the majorities of sorghum hybrids were developed for mechanized farming system in 
the temperate environments and are characterized by short plant stature, early maturity and lower 
grain size and also lacking adaptation to the diverse sorghum growing environments in Ethiopia. 
Development of locally adapted complementary parental pools would the obvious solution to 
overcome the shortcomings of the introduced hybrids. However, in sorghum development of new 
A/B lines is challenging because it is constrained by the complex nature of cytoplasmic male sterility 
system and prevalence of fertility restorer genes in the nucleus. Hence, investigating the utility of a 
strategy that uses locally adapted genotypes as the male parent of hybrids in combination with 
introduced seed parents should be evaluated to develop locally adapted hybrids containing the traits 
preferred by sorghum growing farmers in Ethiopia.    
This thesis research was conducted with the aim of addressing the following three general objectives: 
1) assessing the heterotic grouping of locally adapted genotypes in relation to introduced restorer and 
seed parents using genome-wide SNP markers, 2) evaluating the hybrid performance and heterotic 
response of the locally adapted and non-adapted genotypes in contrasting production environments, 
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and 3) determining the genetic basis for increased hybrid grain yield performance for the different 
sets of hybrids in contrasting sorghum growing environments in Ethiopia.   
The thesis is organized into three research chapters with each of the chapter addressing one of the 
three thesis objectives. In the first research chapter (Chapter 3) genome-wide SNP markers were 
generated, using the DArTseq and genotyping-by-sequencing (GBS) methodology, on Ethiopian 
genotypes representing the lowland, intermediate and highland agro-ecologies and introduced inbred 
lines (R and A/B lines). Genetic variability within and between groups of genotypes was assessed and 
locally adapted genotypes that have similar patterns of differentiation in comparison to the introduced 
R and A/B lines were identified as a primary target to develop hybrids in Ethiopia. In the second 
research chapter (Chapter 4), hybrid performance and the magnitude of heterosis for selected locally 
adapted and introduced R lines crossed with introduced seed parents were evaluated in three testing 
sites representing the three major sorghum growing agro-ecologies in Ethiopia. In the third research 
chapter (Chapter 5) hybrid grain yield performance was evaluated through its dissection into 
component traits across diverse sets of genetic background and in contrasting environment. In 
addition, the relationship between hybrid grain yield and component traits with the per se 
performance and GCA effect of the inbred parental lines as a predictor of hybrid grain yield were 
investigated.  
 
6.1. Ethiopian genotypes adapted to the lowland environment identified as complementary 
parental lines with the introduced seed parent  
 
The genetic variability analysis, conducted in Chapter 3, have demonstrated that the highest marker 
polymorphism and number of markers uniquely polymorphic are in the durra and bicolor racial types 
of highland and intermediate adapted landrace genotypes in comparison to the improved breeding 
lines. Principal component and STRUCTURE analyses differentiated the genotypes into three major 
clusters which correspond to the racial grouping of sorghum. The first group contained the Ethiopian 
genotypes adapted to the highland and intermediate environment and subset of lowland adapted 
genotypes. In the second group introduced R lines grouped along with lowland adapted improved and 
landrace Ethiopian genotypes which represented the caudatum racial groups were grouped. The third 
group contained the introduced B lines and the kafir based improved Ethiopian genotype bred for 
adaptation to the high rainfall intermediate environment.  
The majority of introduced R and B lines have been developed for hybrid development by ICRISAT 
and Purdue University and are likely to have complementary alleles to express heterosis in the F1 
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hybrids. The grouping of the Ethiopian improved and subset of landrace genotypes adapted to the 
lowland environments with the introduced R lines indicated the similar heterotic pattern of these 
genotype groups when crossed with the introduced seed parents. The hybrids developed using the 
locally adapted genotypes would also overcome adaptation problem and would be more likely to 
address the farmers’ required traits. 
The Ethiopian genotypes adapted to the highland, intermediate and the subset of lowland adapted 
genotypes distantly grouped from both introduced R and A/B lines. These genotype groups mainly 
contained the durra and few bicolor landrace genotypes and were distinct from the caudatum and its 
derivative lines which have been predominantly used as a restorer lines in hybrid breeding in the 
developed world (Kimber et al., 2013). These landrace genotype groups may lack complementary 
alleles with the existing seed parents; however, there is the potential to produce heterotic hybrids due 
to their adaptive traits to local environments. As the durra racial type is one of the major races in 
Ethiopia and widely adapted to drought stress environments, knowledge of the hybrid response in 
combination with the existing seed parents would give an insight for future hybrid development 
endeavours. 
 
6.2. Increased hybrid performance using locally adapted Ethiopian sorghum genotypes  
 
The F1 hybrids, derived from introduced seed parents crossed with introduced R lines and Ethiopian 
lowland and highland adapted genotypes, were evaluated in three testing sites representing the 
highland, intermediate and lowland sorghum growing environments in Ethiopia (Chapter 4). The 
results indicated that hybrids derived from locally adapted genotypes generally had superior grain 
yield performance in comparison to the introduced hybrids and the locally adapted high yielding 
parental lines in their adaptive environments. The magnitude of high parent heterosis for grain yield 
for the lowland adapted and introduced R lines hybrid groups evaluated in the lowland environment 
marginally differed compared to the high parent heterosis of the highland adapted hybrids, which had 
the highest magnitude of heterosis except in the highland environment. This result demonstrated that 
the molecular markers-based genetic differentiation of the locally adapted and introduced R lines in 
relation to the introduced B lines is useful to identify complementary parental pools (Chapter 3). The 
highly divergent highland adapted genotypes had the highest magnitude of high parent heterosis in 
the lowland and intermediate environments compared to the other two groups of hybrids, which 
reflected the high degree of divergence from the introduced seed parents.             
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The majority of the hybrids (89%) derived from the caudatum type of lowland adapted genotypes had 
a yield advantage ranging from 2 to 60% from the high yielding parental lines in the lowland 
environment. The lowland adapted hybrids had an average yield superiority of 29% from the 
introduced hybrids in addition to increases in plant height and grain weight. This result indicated the 
potential of the Ethiopian genotypes adapted to the lowland environment to produce high yielding 
hybrids containing farmers preferred traits, in particular increased plant biomass and grain size, in 
combination with the introduced seed parents. On average, the locally adapted hybrids maintained 
grain size in comparison to the high parent. In fact nine of the 27 hybrids had higher number of grains 
and increased grain weight when compared with the male parental line. This indicates the potential 
for developing locally adapted hybrids with improved grain yield without sacrificing grain weight 
using the locally adapted parental lines. The increase in grain weight is one of the preferred traits by 
farmers and consumers as an indicator of grain quality attributes, however, further studies need to be 
conducted to investigate the grain quality aspects in order to insure the quality of end use products. 
The superiority of 20 out of 27 lowland adapted hybrids in grain yield performance and increased 
plant height from the high yielding improved local check variety indicates that such hybrids would 
be beneficial to local farmers. Sorghum varieties with increased plant height are highly preferred by 
farmers in order to address the feed and fuel demand and the hybrids exhibited superior plant height. 
However, further research needs to be done to investigate the feed quality of the stover.   
The hybrids of the non-dwarf durra and bicolor types of highland adapted genotypes crossed with the 
three dwarf introduced A/B lines had an average yield superiority of 16% and 52% from the highland 
adapted high yielding parental lines in the highland and intermediate environments, respectively. 
These hybrids also had superior performance for all the traits measured in comparison to the 
introduced hybrids. However, there was no consistent superiority in grain yield performance 
particularly in the highland environment. This could be related to the lack of adaptability of the seed 
parents for cold highland environments in Ethiopia. In addition these hybrids had reduced plant height 
compared to the locally adapted parental lines. The extreme difference in plant height between 
parental lines and the prevalence of additive genetic effect on plant height had an impact on the plant 
height of these hybrids. 
  
6.3. Inbred per se performance and GCA as predictors of hybrid performance 
 
Identification of potential parental lines is the primary step in hybrid development. Although the 
practical utility is dependent on the relative importance of additive genetic variance, inbred per se 
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performance and their GCA effect has been used as a predictor of hybrid performances. To date 
information is lacking regarding the breeding values of the Ethiopian genotypes in hybrid breeding. 
The higher proportion of GCA variance for the lowland and highland adapted male parental lines 
indicates the possibility to select genotypes with better breeding values from the diverse set of locally 
adapted genotypes. Both the GCA effect and per se performance of the male parental lines were 
observed to have significant effective in predicting grain yield performance of the highland and 
lowland adapted hybrids. As estimation of the GCA effect requires the development and evaluation 
of the test cross hybrids the higher correlation between the inbred per se and GCA effect for grain 
yield highlighted the possibility of estimating the breeding values of locally adapted genotypes based 
on their inbred performance. However, the lower magnitude of correlation observed between the 
lowland adapted hybrids with the male parental lines grain yield performance and their GCA effect 
limits the practical utility in predicting hybrid performance. Grain weight and rate of grain filling in 
the lowland adapted hybrids and all yield component traits in the highland adapted hybrids could be 
used as an indirect inbred parental lines selection criterion for improved hybrid grain yield 
performance.  
The introduced seed parents contributed to increased grain yield and grain number when combined 
with the lowland adapted inbred parental lines in the lowland environment. This indicates that 
selected best combiner seed parents could be used for the hybrid development for the lowland 
environment in Ethiopia. The effect of the seed parents in combination with the highland adapted 
genotypes was not significant and development of female parent adapted to the highland environment 
is required for viable hybrid development for the highland environment.   
        
6.4. Determinates of grain yield performance for the different sets of hybrids  
   
Grain yield is a complex trait and its genetic improvement depends on the genetic background of the 
targeted population and the effect of environment. Dissection of grain yield into its component traits 
could help to increase the efficiency of selection and genetic gain through breeding. In the lowland 
environment, the grain yield performance of lowland adapted and introduced hybrids increased with 
the increasing grain number and grain weight. In particular grain weight had the highest effect on 
grain yield performance of the lowland adapted hybrids in comparison to the introduced hybrids. This 
effect is likely related to the wider genetic variability of the lowland adapted hybrids for grain size, 
which indicates the potential for developing high yielding hybrids with larger grain weight using the 
locally adapted inbred parents. The increase in grain weight of the lowland adapted hybrids was found 
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to be related to the higher rate of grain filling in comparison to the introduced hybrids. The increased 
grain size is also likely to enhance the grain quality for end use product and acceptance of the hybrids 
by Ethiopian farmers. Hence selection of hybrids with the high rate of grain filing would be a useful 
strategy for increased grain yield performance of hybrids in the lowland environment.           
In both highland and intermediate environments, grain yield performance of the highland adapted and 
introduced hybrids was found to be driven by grain number. In addition, the negative effect of grain 
number on grain weight was compensated by both duration and rate of grain filling and this was 
reflected on the positive effect of grain weight on grain yield performance of the highland adapted 
hybrids. Selection of hybrids with higher rate and extended duration of grain filling of the highland 
adapted hybrids could also be used for increased grain yield performance in the highland 
environment. 
 
6.5. The way forward for increased sorghum productivity using hybrids in Ethiopia  
 
In this study we have observed that there is significant potential to increase sorghum productivity in 
Ethiopia using hybrids developed from locally adapted genotypes crossed with introduced seed 
parents.  Based on the findings in this research the following recommendations have been identified 
for the sustainable and efficient exploitation of heterosis in the Ethiopian national sorghum 
improvement program.   
1. In a well-established breeding program, inbred lines should be developed by making crosses 
within defined heterotic groups followed by recurrent selection. This would help to 
accumulate favourable alleles within the groups and maximize heterosis in the resulting F1 
hybrids developed by crossing between the heterotic groups. In this first high-density genome-
wide analysis of diverse Ethiopian sorghum genotypes, the lowland adapted improved and 
landrace genotypes mainly representing the caudatum racial types grouped with the 
introduced R lines and differentiated from the very distinct durra and bicolor racial types of 
genotypes. Hence, it will be essential to maintain these groupings in future inbred line 
development activities.  
 
2. As the lowland adapted and introduced R lines do not differ significantly either in flowering 
time or plant height and the introduced seed parents have been shown to have significant effect 
on grain yield performance of the lowland adapted hybrids, it is recommended that the best 
combiner seed parents are selected for hybrid development for the lowland environment in 
combination with the lowland adapted genotypes.  
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3. In Ethiopia the durra type of sorghum is the dominant racial type for its high yielding potential, 
drought tolerance and high biomass production. The study generally revealed the superiority 
of the hybrids derived from the predominantly durra types of highland adapted genotypes and 
introduced seed parents, which indicates there is potential to exploit heterosis using these 
genotypes. However, further research needs to be conducted to investigate the seed setting 
and the effect of variation in plant height and flowering time compared to the seed parent for 
commercial hybrid development.  
 
4. The introduced seed parents have not been developed for adaptation to the cold environments 
and the hybrids evaluated in the highland environments experienced poor establishments and 
also poor plant growth rate compared to the highland adapted genotypes. Development of 
seed parents adapted to the highland environment need to be considered for hybrid breeding 
targeting this environment, while addressing the extreme difference in plant height between 
the highland adapted genotypes and introduced seed parents.    
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Figure S3.1. Expected Heterozygosity (EH) values of sorghum genotypes using SNPs located in 
the euchromatin and heterochromatin of each of the chromosome for the three main groups i. 
Ethiopian improved inbred lines; ii. Introduced inbred lines; iii. Ethiopian landraces genotypes 
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Figure S3.2. Model based estimation of population structure for (K=2 to 5) for the inbred lines 
identified as follows: introduction B lines (B), introduced R lines (R); Ethiopian improved lowland 
(IL) and improved intermediate (IM); Ethiopian landrace highland (LH), intermediate (LI) and 
lowland (LLG1 and LLG2) genotypes. Each group is separated by a black vertical line 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figures S4.1. Sorghum hybrid evaluation sites representing the three environments in Ethiopia: 
Mieso (■) represented lowland areas below 1600m; Bako (∆) represented intermediate areas 
between 1600-1900m; and Arsi negele (●) represented highland areas above 1900m altitude  
K=2 
K=3 
K=4 
K=5 
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Figure S4.2. Average monthly rainfall (RF in mm) distribution and average temperature (Temp in ˚C) of for three sorghum hybrid testing 
environments in Ethiopia from 2006 to 2013 compared with the 2013 cropping seasons; i. lowland environment; ii. intermediate environment; and  
iii. highland environment 
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Supplementary Tables  
 
Table S3.1. List of sorghum genotypes obtained from Ethiopian landraces, Ethiopian improved and 
introduced genotypes grouped based on agro-ecological adaptation, racial group and fertility 
response in hybrid breeding 
No Genotype Pedigree Source 
Agro-
ecology  
Race Fertility 
response 
1 02MW 6016 Landrace Bulk white x P 9401 Improved Lowland C  
2 
02 New wello 
coll. # 17 
Landrace Landrace Highland 
D 
 
3 
02 New wello 
coll. # 5 
Landrace Landrace Highland 
D 
 
4 03MW 6008 ICSV 111 INC x P 9401 Improved Lowland B  
5 03MW 6058 Key # 8563 x P9405 Improved Lowland B  
6 04MW 6003 CR:35:5 x Deber Improved Lowland B  
7 04MW 6043 WSV 387 x Deber Improved Lowland B  
8 04MW 6174 SDSL 89426 x P 9401 Improved Lowland B  
9 05MW 6001 WSV 387 x P 9401 Improved Lowland B  
10 05MW 6067 PGRC/E 22880 x P 9401 Improved Lowland B  
11 104GRD  Unavailable Introduction   R line 
12 123  Unavailable Landrace Intermediate D  
13 2001 MS 7003 
Landrace Bulk white x SRN -
39 
Improved Lowland 
 
 
 
14 2001 MS 7013 CR: 35:5 X ICSB – 1005  Improved Lowland   
15 2001 MS 7015 
PGRC/E # 222880 X ICSV-1 
X KAT 369 – 1 
Improved Lowland 
 
 
16 2001 MS 7037 
PRCE/E # 222878 X ICSV-
708 
Improved Lowland 
 
 
17 2002BK 7020 
P-967083 X 80LPYT-2 # 532 
X IS 9379 X 80 ESIP 16 X 
(RS-R-20-8614-2) X (IS- 
9379) 
Improved Intermediate 
 
 
18 2002 BK 7042 
P-967083 X 80LPYT-2 # 532 
X IS 9379 X 80 ESIP 16 X 
(RS-R-20-8614-2) X (IS- 
9379) 
Improved Intermediate 
 
 
19 
2003 MW 
6120 
ICRISAT 76 T4 # 432 X NES 
635 X 80 ESIP-11 X (IS-9302 
X ICSV-745) X (9327 XIS-
10485)-4 
Improved Intermediate 
 
 
20 2003MW 6135 
87 BK 4134 X JIMMA 
Landrace- 1 
Improved Intermediate 
 
 
21 2005 MI 5057 WSV 387 X P-9401 Improved Lowland   
22 2005 MI 5065 WSV 387 X P-9403 Improved Lowland   
23 2005 MI 5077 3443-2-OP X P-9401 Improved Lowland   
24 239155 Landrace Landrace Lowland   
25 239195  Landrace Landrace Lowland   
26 239196  Landrace Landrace Lowland   
27 239197  Landrace Landrace Lowland   
28 239210  Landrace Landrace Lowland   
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No Genotype Pedigree Source 
Agro-
ecology  
Race Fertility 
response 
29 239212  Landrace Landrace Lowland   
30 239232  Landrace Landrace Intermediate   
31 239233  Landrace Landrace Intermediate   
32 248  Landrace Landrace Intermediate   
33 328  Landrace Landrace Lowland   
34 3443-2-OP   Unavailable Introduction   R line 
35 38268  Landrace Landrace Highland   
36 38269  Landrace Landrace Highland   
37 38309  Landrace Landrace Highland   
38 396  Landrace Landrace Lowland   
39 410  Landrace Landrace Highland   
40 428  Landrace Landrace Lowland   
41 429  Landrace Landrace Lowland   
42 442  Landrace Landrace Lowland   
43 481  Landrace Landrace Highland   
44 482  Landrace Landrace Highland   
45 483  Landrace Landrace Highland   
46 488  Landrace Landrace Lowland   
47 490  Landrace Landrace Lowland   
48 496  Landrace Landrace Highland   
49 505  Landrace Landrace Intermediate   
50 512  Landrace Landrace Intermediate   
51 519  Landrace Landrace Intermediate   
52 520  Landrace Landrace Intermediate   
53 541  Landrace Landrace Highland   
54 549  Landrace Landrace Intermediate   
55 555  Landrace Landrace Intermediate   
56 557  Landrace Landrace Highland   
57 72562  Landrace Landrace Lowland   
58 72597  Landrace Landrace Lowland   
59 73146  Landrace Landrace Lowland   
60 73152  Landrace Landrace Lowland   
61 75220  Landrace Landrace Highland   
62 87 BK 4122 
87 MW 5325 x (IS158 x ETS 
2113) 
Improved Intermediate 
 
 
63 97MW 5044-2 
85 MW 5325 X (IS-158 X 
ETS 2113) 4 
Improved Intermediate 
 
 
64 97MW 6113 
IS 158 X (RS/R-20-8614-2) X 
IS 9379 
Improved Intermediate 
 
 
65 97MW 6128 
IS 10892 X (RS/R-20-8614-2) 
X IS 9379 
Improved Intermediate 
 
 
66 97MW 6130 
IS 10892 X (RS/R-20-8614-2) 
X IS 9379 
Improved Intermediate 
 
 
67 97 MW 6141 
IS-158 X M-66145 X 84 MW 
4141 X RS/R-20-8614-2) X 
IS-9379 
Improved Intermediate 
 
 
68 98 MW 6002 PGRC/E 69420 X SAR-24 Improved Lowland   
69 98 MW 6040 CR: 35:5 X ICSB – 1005  Improved Lowland   
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No Genotype Pedigree Source 
Agro-
ecology  
Race Fertility 
response 
70 98 MW 6079 SK-82 – 022 X P – 9406 Improved Lowland   
71 98MW 6112 PGRC/E 69420 X ICSV-197 Improved Lowland   
72 A 2  Unavailable Introduction   B line 
73 A 2267-2  Unavailable Introduction   R line 
74 A3566  Unavailable  Introduction   R line 
75 A5  Unavailable Introduction   B line 
76 ABON34  Unavailable Introduction   B line 
77 Abshir P-9403 Introduction   R line 
78 Abuare  Unavailable Improved Lowland   
79 Ajab Sedi  Landrace Landrace Lowland   
80 Baji  Unavailable Introduction   NA 
81 Birmash  Unavailable Introduction   NA 
82 Bobe-1  Landrace Landrace Highland   
83 Bobe-2  Landrace Landrace Highland   
84 DL 60/125  Unavailable Introduction   R line 
85 DR-14  Unavailable Introduction   R line 
86 E 237  Unavailable Introduction   NA 
87 E 36-1  Unavailable Introduction   R line 
88 
Gambella 
1107 
 Landrace Landrace Lowland 
 
 
89 2002 BK 7072 
89 MW 4112 x (Rs/R-20-
8614-2) x IS-13958 
Improved Lowland 
 
 
90 Girana-1 Cr:35 x DJ1195 x N-13 Improved Lowland   
91 Gobye  P-9401 Introduction   R line 
92 ICSB 10 
[(BTx 623 × UChV2)B lines 
bulk]-10-1-2 
Introduction  
 
B line 
93 ICSB 15  Unavailable Introduction   B line 
94 ICSB 21  Unavailable Introduction   B line 
95 ICSB 22  Unavailable Introduction   B line 
96 ICSB 30  Unavailable Introduction   B line 
97 ICSB 34 
[(MR 807 × BTx 624)B lines 
bulk]-5-5-1-2 
Introduction  
 
B line 
98 ICSB 90003  Unavailable Introduction   B line 
99 ICSR-16  Unavailable Introduction   R line 
100 ICSR-161  Unavailable Introduction   R line 
101 ICSR 24004  Unavailable Introduction   R line 
102 ICSR 93034  Unavailable Introduction   R line 
103 ICSV 700  Unavailable Introduction   NA 
104 ICSV 93046  Unavailable Introduction   R line 
105 
IESV 91104 
DL 
(KAT 639 X SAR 16)-4-2-1-1 Introduction  
 
R line 
106 
IESV 92005 
DL 
KAT 369 X IS 23496 Bulk 5 Introduction  
 
R line 
107 
IESV 92008 
DL 
KAT 369 X IS 23526 BULK 2 Introduction  
 
R line 
108 
IESV 92031 
DL 
KAT 369 X SEREDO BULK 
17 
Introduction  
 
R line 
109 
IESV 92122 
DL 
KAT 369 X ICSB 88007 
BULK 2 
Introduction  
 
R line 
122 
 
No Genotype Pedigree Source 
Agro-
ecology  
Race Fertility 
response 
110 IS 2284  Landrace Landrace Intermediate   
111 IS 2331  Landrace Landrace Intermediate   
112 IS 9302  Landrace Landrace Intermediate   
113 
PGRC/E # 
700791 
 Landrace Landrace Intermediate 
 
 
114 
KCTENT # 
117 DTN 
 Unavailable Introduction  
 
R line 
115 M-204  Unavailable Introduction   R line 
116 M-4850  Unavailable Introduction   R line 
117 M-5568  Unavailable Introduction   R line 
118 Macia  Unavailable Introduction   R line 
119 Meko  Unavailable introduction   R line 
120 Misikir PGRC/E# 69441 x P-9401 Improved Lowland   
121 MR-750  Unavailable Introduction   R line 
122 MR-812  Unavailable Introduction   R line 
123 No. 253  Unavailable Introduction   NA 
124 No. 30  Unavailable Introduction   NA 
125 No. 53  Unavailable Introduction   NA 
126 NTJ 2  Unavailable Introduction   R line 
127 P-851171  Unavailable Introduction   R line 
128 P-89008  Unavailable Introduction   R line 
129 P-89009  Unavailable Introduction   R line 
130 P-89010  Unavailable Introduction   R line 
131 P-894108  Unavailable Introduction   R line 
132 P 9405  Unavailable Introduction   R line 
133 P9501B  Unavailable Introduction   B line 
134 P 9514 B  Unavailable Introduction   B line 
135 P9517B  Unavailable Introduction   B line 
136 P9526 B  Unavailable Introduction   B line 
137 P 9529 B  Unavailable Introduction   B line 
138 P 9532 B  Unavailable Introduction   B line 
139 P 9534 B  Unavailable Introduction   B line 
140 PDL-984850  Unavailable Introduction   R line 
141 PDL-984858  Unavailable Introduction   R line 
142 PDL-984894  Unavailable Introduction   R line 
143 PDL 984907  Unavailable Introduction   R line 
144 PDL 984928  Unavailable Introduction   R line 
145 PDL 984953  Unavailable Introduction   R line 
146 
PGRC/E 
#222879 
 Landrace Landrace Lowland 
 
 
147 
PGRC/E 
#222880 
 Landrace Landrace Lowland 
 
 
148 
PGRC/E 
222885 
 Landrace Landrace Lowland 
 
 
149 
PGRC/E 
69241 
 Landrace Landrace Highland 
 
 
150 
PGRC/E 
69391 
 Landrace Landrace Lowland 
 
 
123 
 
No Genotype Pedigree Source 
Agro-
ecology  
Race Fertility 
response 
151 
PGRC/E 
69420 
 Landrace Landrace Lowland 
 
 
152 
PGRC/E 
69441 
 Landrace Landrace Lowland 
 
 
153 
PGRC/E 
69442 
 Landrace Landrace Lowland 
 
 
154 
PGRC/E # 
69447 
 Landrace Landrace Lowland 
 
 
155 
PGRC/E 
69475 
 Landrace Landrace Lowland 
 
 
156 
PGRC/E ACC 
# 228252 
 Landrace Landrace Highland 
 
 
157 PI 308453  Unavailable Introduction   NA 
158 PRG 983999  Unavailable Introduction   R line 
159 PRL-020760  Unavailable Introduction   R line 
160 PRL-020776  Unavailable Introduction   R line 
161 PRL 983935  Unavailable Introduction   R line 
162 PRL-983945  Unavailable Introduction   R line 
163 PRL 983950  Unavailable Introduction   R line 
164 PRL-983978  Unavailable Introduction   R line 
165 PRL 983993  Unavailable Introduction   R line 
166 PRL-984000  Unavailable Introduction   R line 
167 PRL-984042  Unavailable Introduction   R line 
168 PRL 984046  Unavailable Introduction   R line 
169 PRL-984084  Unavailable Introduction   R line 
170 PRL 984921  Unavailable Introduction   R line 
171 PRL 984926  Unavailable Introduction   R line 
172 Raya PGRC/E 222878 x KAT369-1 Improved Lowland   
173 Rufe  Landrace Landrace Lowland   
174 SDSL 88298 IS 10487/3/64 Introduction   R line 
175 SDSL 89426 SH84185 ACROSS Introduction   R line 
176 SDSL 90168 KAD 1282-4-2-1MAT Introduction   R line 
177 Seredo  Unavailable Introduction   R line 
178 Tegemeo  Unavailable Introduction   R line 
179 Tetron  Unavailable Landrace Highland   
180 
Wello Coll # 
050 
 Landrace Landrace Highland 
 
 
181 
Wollo Coll # 
038 
 Landrace Landrace Highland 
 
 
182 WSV 387  Unavailable Introduction   R line 
183 Yeju  Unavailable Improved Lowland   
184 Zengada-2  Landrace Landrace Highland   
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Table S4.1. Sorghum male and female parental lines crossed to develop 139 F1 hybrids and hybrids evaluated in lowland (∆) intermediate 
(●) and highland (□) environments in Ethiopia 
Genotype 
group 
 Female 
Male A 010054  A 963676  A BON 34  ICSA 10  ICSA 21  ICSA 34  P 9517 A  P 9529 A  
Lowland 
adapted 
 2005 MI 5065 ∆● ∆ ∆●□ ∆●□ ●□ ∆●□ □ ●□ 
 Misikir ∆• ∆● ∆●□ ∆●□ □ ∆●□ ∆●□ □ 
 Ajab sedi ∆ ∆● ∆●□ ∆●□ □ ●□ ∆●□ ●□ 
 Gambella 1107 ∆ ∆  ∆  ∆  ∆ 
 PGRC/E 69475 ∆● ∆ ∆●□ ∆●□ ●□ ∆●□ ∆●□ □ 
Highland 
adapted 
 PGRC/E 69241 ∆ ∆ ●□ ∆●□ ●□ ∆●□ ●□ ●□ 
 Wello Coll # 050 ∆● ●□ ∆●□ ∆●□ □ ∆●□ ●□ □ 
 Zengada 2 ∆● ∆ ∆●□ ∆●□ ●□ ∆●□ □ ●□ 
Intermediate 
adapted  2002 BK 7020 ∆● ∆ ∆●□ ∆●□ ●□ ∆●□ ●□ ●□ 
 
 
 
 
Introduced R 
 ICSR 24004 ∆ ∆ ∆●□ ∆●□ ●□ ∆●□ ∆●□ ●□ 
 IESV 92031 DL ∆● ∆● ∆●□ ∆●□ ●□ □ ∆●□ □ 
 P 89009 ∆● ∆● ∆●□ ∆●□ □ ∆●□ □ ●□ 
 PDL 984953 ∆● ∆ ∆●□ ∆●□ ●□ ●□ ∆●□ □ 
 PRL 984084 ∆● ∆ ∆●□ ∆●□ ●□ ∆●□ ∆●□ □ 
 PI 308453 ∆ ∆ ∆ ∆ ∆  ∆  
 104 GRD ∆ ∆ ∆●□ ∆●□ ●□ ●□ ●□ □ 
 E 237 ∆● ∆● ●□ ∆●□ ●□ ●□ □ ∆□ 
 ICSV 700 ∆ ∆● ∆●□ ∆●□ □ ∆●□ ∆●□ ●□ 
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Table S4.2. Mean square for sorghum grain yield (GY), days to flowering (DTF), plant height 
(PTH), hundred grain weight (GW) and grain number head-1 (GN) and degrees of freedom (DF) for 
entries, hybrids and their parents evaluated in the lowland, intermediate and highland environments 
in Ethiopia  
Environment Source df GY (Kg/ha) DTF PTH (cm) GN head-1 HGW (g) 
Lowland 
Entry  120 1698243*** 22.7*** 2566*** 437617*** 0.09*** 
Hybrid  93 933453*** 14.4*** 2094*** 397137*** 0.06*** 
Parent 23 1858658*** 23.7*** 3440*** 119660 0.17*** 
Residue  84530 0.55 36 54108 0.007 
Intermediate 
Entry  112 1197562*** 0.87 2581*** 848711*** 0.08*** 
Hybrid  87 1250193*** 0.87 2095*** 1005535*** 0.06*** 
Parent 21 658552*** 0.15 3785*** 321088** 0.12*** 
Residue  71123 1.2 36.7 23931 0.005 
Highland 
Entry  99 3094777*** 75.7*** 2566*** 753301*** 0.14*** 
Hybrid  75 2876891*** 67.4*** 2081*** 584806*** 0.13*** 
Parent 20 3121500*** 76*** 3785*** 1296669*** 0.13** 
Residue  85719 2.5 36 35235 0.02 
** Significant at (p<0.01) 
*** Significant at (p<0.001) 
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Table S5.1. Correlation coefficient between grain yield (GY), days to flowering (DTF), days to 
maturity (DTM), plant height (PTH), grain number (GN), hundred grain weight (HGW), duration of 
grain filling (DGF) and rate of grain filling (RGF): i. Highland adapted hybrids (HLA), ii. Lowland 
adapted hybrids (LLA) and iii. Introduced hybrid (IRL) 
i. Highland adapted hybrids (HLA) 
 GY DTF DTM PTH GN GW DGF 
GY        
DTF 0.07          
DTM 0.28 0.07         
PTH 0.02 0.31 0.38        
GN 0.92*** 0.31 0.22 0.24       
GW -0.02 -0.47* 0.14 -0.53* -0.33      
DGF 0.13 -0.77*** 0.59** -0.01 -0.12 0.47*     
RGF -0.08 -0.19 -0.11 -0.61** -0.33 0.92*** 0.09 
* Significant at (p<0.05)  
** Significant at (p<0.01) 
*** Significant at (p<0.001) 
 
ii. Lowland adapted hybrids  (LLA) 
 
 
 
 
 
 
 
 
 
 
 
* Significant at (p<0.05)  
** Significant at (p<0.01) 
*** Significant at (p<0.001) 
 
 GY DTF DTM PTH GN GW DGF 
GY        
DTF -0.15          
DTM 0.56** -0.20         
PTH 0.05 0.24 0.13        
GN 0.79*** -0.10 0.61*** 0.18       
GW 0.32 -0.14 0.11 -0.13 -0.15      
DGF 0.46* -0.77*** 0.79*** -0.07 0.46* 0.16     
RGF 0.17 0.13 -0.16 -0.09 -0.30 0.94*** -0.18 
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iii. Introduced hybrids (IRL)     
 GY DTF DTM PTH GN GW DGF 
GY        
DTF -0.29          
DTM 0.15 -0.15         
PTH 0.18 -0.02 0.30        
GN 0.88*** -0.04 0.05 0.17       
GW -0.14 -0.08 -0.07 -0.14 -0.38*      
DGF 0.28 -0.72*** 0.79*** 0.22 0.06 0.00     
RGF -0.22 0.18 -0.36* -0.20 -0.37* 0.93*** -0.36* 
 * Significant at (p<0.05)  
** Significant at (p<0.01) 
*** Significant at (p<0.001) 
 
Table S5.2. Correlation coefficient between grain yield and five agronomic traits measured for 
lowland adapted and introduced parental lines evaluated in the lowland environment and highland 
adapted parental lines in the highland environment 
Trait 
Genotype groups 
Lowland adapted Introduced R Highland adapted 
DTF -0.21 -0.62 -0.08 
DTM -0.21 -0.27 0.94 
PTH -0.17 -0.27 0.04 
GN 0.57 0.91 0.91 
GW 0.41 0.78 0.56 
 
 
  
 
 
